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 I 
Abstract 
 
In nuclear power reactors, most of studies related to thermal-hydraulics have focused on increasing 
power density, efficiency, and safety of currently operating nuclear power reactors. The primary 
constraint in the aspect of thermal-hydraulics is determining and controlling of departure of nucleate 
boiling (DNB), called as critical heat flux (CHF). When the CHF is occurred, bubbles and vapors, which 
heat transfer coefficient is very low compared to liquid, covered whole heating surface; thus the 
temperature of heating surface will increase rapidly. The rapid increment of the fuel rod and cladding 
surface temperature due to the CHF will destroy the second barrier of the defense in depth and may 
release dangerous fission products in containment building or environment. This inferred that an 
accurate prediction of the CHF phenomenon is important because it is related to the safety of the 
environment. In addition, CHF enhancement enables increasing power density and safety margins of 
reactors; the CHF enhancement study and development of the accurate CHF prediction model should 
be conducted. In the present research, therefore, CHF enhancement studies based on surface 
modifications on a plain heating surface and modified CHF model that includes the effects of surface 
characteristics are presented. 
For the CHF enhancement studies, surface modification techniques have been widely studied: 
deposition of nano- or micro-particles, mechanical machining, and micro-electro-mechanical 
techniques. In the present CHF enhancement study, deposition of nanoparticles (SiC and graphene) on 
a plain heating surface was used for the porous heating surfaces. Nonporous heating surfaces were also 
examined to compare with the porous heating surfaces. In addition, a hybrid graphene/SWCNTs heating 
surface was considered to show the effect of thermal properties for the heating surfaces on boiling 
performance. Surface characteristics for various heating surfaces were considered as the CHF 
enhancement parameters. Infrared (IR) thermometry was used to visualize the heating surfaces and 
several methods were applied on the parameter studies to quantify the enhancement mechanism. The 
discussed surface parameters were surface wettability, roughness, capillarity, permeability, porosity, and 
thermal effusivity. Because all the surface parameters are coupled each other, it was difficult to 
determine the major parameters that influence on the CHF performance. Therefore, several CHF models, 
such as hydrodynamic instability theory, bubble force balance, microlayer dryout, bubble interaction, 
and hot/dry spot, were evaluated to determine the appropriate the CHF prediction model in comparison 
of the experimental results. As a result, modified hydrodynamic instability theory was selected as one 
of the CHF enhancement model because it can predict the CHF enhancement trends when the effect of 
surface characteristics was considered as a change of RT instability wavelength. 
Hydrodynamic instability theory has been widely used as the CHF prediction model because it can 
predict well under plain heating surface conditions. The hydrodynamic instability theory assumed that 
there is a critical region that the liquid could not penetrate into the heating surface and this point is 
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called as the CHF point. The critical vapor velocity was derived by Kelvin–Helmholtz (KH) instability. 
However, the measurement of the critical vapor velocity at near the CHF point is impossible because 
vigorous boiling is occurred on the heating surfaces under nucleate boiling situation. Instead of 
measuring critical vapor velocity or KH instability wavelength, Rayleigh–Taylor (RT) instability 
wavelength was considered as the KH instability wavelength. The present approach is started from the 
change of the critical vapor velocity due to the change of heating surfaces. Critical and the most 
dangerous RT instability wavelengths were applied on the hydrodynamic instability model and further 
approximation to derive the CHF prediction model was conducted. However, there are several 
assumptions in the hydrodynamic instability theory and these assumptions should be evaluated to 
provide credibility of the model. Therefore, the relation between RT and KH instability wavelengths 
and the consideration of the surface effects on the change of RT instability wavelengths incorporated 
into the hydrodynamic instability theory, called as a modified hydrodynamic instability approach, was 
studied in the present research. The relation between RT instability wavelength and CHF was examined 
in a pressurized wire pool boiling facility with various kinds of Ni-Cr wire diameters. The results 
indicated that that it is possible to make the relation between the RT instability wavelengths and the 
CHF values by using the modified hydrodynamic instability approach. Not only using the bare Ni-Cr 
wire surface, various kinds of nanoparticle-deposited heating surfaces were considered to evaluate the 
modified hydrodynamic instability CHF model. A correlation for the change of RT instability 
wavelength based on the experimental results was proposed to predict the CHF enhancement based on 
the heating surface characteristics. Because the RT instability wavelength which was determined by the 
effects of heater geometries can explain all the reasons of CHF enhancement in pool boiling conditions, 
the surface roughness and factor was also examined in the validation procedure for the proposed CHF 
model. The validation results indicated that the modified hydrodynamic CHF model is valid in the 
present research. 
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Chapter 1. INTRODUCTION 
 
1.1 Research Background and Motivation 
 
Energy conversions and managements have been an important topic in these days because the 
efficiency for transformation of energy from sources such as fossil and nuclear fuels into useful forms 
such as thermal, mechanical, and electric energy is related to economic. One of the efficient methods 
energy transfer is boiling method because it delivers a latent heat, which is the phase change heat 
transfer parameter from a liquid to vapor, governs the heat transfer process in boiling situation. Phase 
change by boiling is a highly efficient heat transfer method because it accommodates high heat fluxes 
with relatively small wall superheat compared to the natural convection mode. Therefore, nucleate 
boiling mode has widely used in industrial fields. However, there is a limit of nucleate boiling, which 
is called as critical heat flux (CHF). Fig. 1-1 shows an ideal pool boiling curve from natural convection 
to CHF point. There is a certain point that the wall superheat is decreased due to the start of the boiling 
and it is called as onset of boiling (ONB). The black line shows a typical pool boiling curve, and the 
other lines imply the boiling curves for which the CHF and the boiling heat transfer (BHT) are enhanced 
due to the surface modifications. As shown in Fig. 1-1, if the BHT could be enhanced, a large amount 
of heat can be removed at low wall superheat. This means that effective heat transfer as well as CHF 
enhancement could be achieved. As the applied heat flux is increased, the wall superheat will increase 
as well as heat transfer coefficient (HTC). Therefore, it is important to predict the CHF point and 
enhance the CHF for the safety of the power devices. Power industries determine the operation upper 
limit based on the CHF region. If the power density of devices exceeds the CHF region, the wall 
temperature of the heating surfaces will increase rapidly because the heat transfer capability of the vapor 
films is much lower than the liquid layer or mixture of liquid and bubble. The device could be damaged 
due to the heater burnout. This inferred that the enhancement CHF region can prevent the heater burnout 
and provide highly efficiency of power plants. Therefore, the CHF enhancement experiments are 
performed by surface modifications and development of the accurate CHF model that includes the 
effects of surface characteristics is presented. The CHF enhancement studies were performed by porous 
and nonporous heating surfaces and the CHF enhancement model was developed based on a 
hydrodynamic instability theory. 
 
 
 
 
 
 
 2 
 
 
 
 
 
 
 
Fig. 1-1. Typical boiling curves 
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1.2 General Literature Reviews  
 
Numerous studies have been conducted to enhance the CHF and the BHT phenomena based on heating 
surface modification techniques. Various methods of heating surface modification aimed for the CHF 
and BHT enhancement were suggested, such as deposition of nano- or micro-particles, mechanical 
machining, and micro-electro-mechanical system (MEMS) techniques. The deposition of nano- or 
micro-particles on heating surfaces has been widely studied because it gives rise to a very large surface 
area, which results in enhancement of the CHF and BHT1-12. The enhancement mechanisms that use 
deposition of particles on heating surfaces can be explained by improved surface wettability4-7, 
formation of a porous structure8-9, and change of the modulation wavelength9-12. However, several 
studies revealed that the enhanced surface wettability did not play significant role in the BHT 
enhancement. To decouple the effect of the surface wettability, a refrigerant was used on a nanoparticle-
coated surface, and the results indicated that the BHT might be enhanced12. In addition, the effects of 
thermal properties of the heating surface and the working fluid on CHF and BHT have been reported13-
14. In area of mechanical machining techniques, surface modifications were performed from the 
nanometer to millimeter scales. Polishing and sand blasting15-17, electrical discharge machining18-19, and 
shape-memory alloys20 have been used to modify the heating surface structure; enhancements in the 
CHF and BHT were observed using these techniques. In the present research, deposition of 
nanoparticles through boiling of nanofluids was conducted to make the porous heating structures and 
nonporous heating surfaces with the same materials that were used in the porous heating surfaces were 
fabricated by deposition of coating layers through various systems for comparison. 
Nanofluids are a new concept of nanotechnology-based heat transfer fluids fabricated by dispersing 
nanoparticles into conventional fluids, such as water, ethylene glycol, etc. Choi et al.21 revealed that the 
heat transfer performance (thermal conductivity) by adding metal and metal oxide nanoparticles on base 
fluids can be significantly enhanced. The first boiling experiment using alumina-water nanofluids 
showed that the CHF can be enhanced up to 200% compared to the base fluid1. Vassallo et al.2 
performed wire pool boiling experiments with silica-water nanofluids and the experimental results 
showed that the CHF limit was enhanced up to 60%. Bang and Chang3 performed plate pool boiling 
experiments under alumina-nanofluids and the results indicated that the CHF performance was 
enhanced, while the HTC was deteriorated. The deposition of nanoparticles changed the surface 
conditions and it discovered as the influencing parameter of CHF and HTC. From these start of 
nanofluids in boiling experiments, various kinds of application efforts using nanofluids under pool 
boiling, flow boiling, and quenching experiments have been conducted. In addition, enhancement 
mechanisms in boiling have been analyzed based on the prediction models for providing precise 
enhancement mechanisms for industrial applications. 
 The boiling experiments under pool boiling conditions have been widely conducted because the 
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influencing parameters on boiling performance are limited to the heater conditions. The first pool 
boiling experiment using Al2O3-nanofluid was conducted
1. The experiment was conducted under low 
pressure condition using Al2O3 nanofluids on a flat square copper surface. The results showed that the 
CHF increased dramatically while the boiling heat transfer coefficients (HTCs) were almost same 
compared to the bare surface. They argued that the change of the surface tension due to the nanoparticles 
could bring the CHF enhancement, but it is difficult to fully understand the enhancement mechanism 
based on the hydrodynamic theory proposed by Zuber22. Vassallo et al.2 used SiO2 nanofluids under 
wire pool boiling experiment. They referred that CHF could be enhanced due to the change of surface 
roughness which brought the difference in nucleate site density and heat transfer mechanism. The 
change of surface roughness due to the nanoparticles was firstly observed by Bang and Chang3. Various 
concentrations of Al2O3 nanofluids were examined in the plate pool boiling with horizontal and vertical 
conditions. They used Rohsenow correlation which represented the effects of liquid and heating surface 
on the boiling performance. Owing to the change of surface roughness by the addition of the alumina 
nanoparticle, the decrease in the HTCs was observed while the CHF could be enhanced because of the 
change of the nucleate site density which can delay the bubble coalescences23. The observation of 
surface characteristics through scanning electron microscopy (SEM) was conducted under the 
deposition of TiO2 nanoparticles
4. The change of the material and dispersion conditions of the 
nanoparticles would bring the significant CHF enhancement. In particular, they reported that deposition 
of the nanoparticles on the heating surfaces could provide the capillary structure, which can give an 
additional liquid supply into the heating surfaces. Various kinds of nanofluids (Al2O3, ZrO2, and SiO2 
nanoparticles) were examined in a plate pool boiling and the results showed that the surface wettability 
due to the deposition of the nanoparticles on the heating surfaces was changed5. Contact angles of a 
sessile droplet on the heating surfaces showed that the deposition of nanoparticles brought hydrophilic 
surface characteristics by referring the effective solid-liquid contact area differences due to the change 
of surface roughness. An equivalent thickness of the liquid film which considered the surface wettability 
was considered as the main enhancement mechanism in the study. In addition, various CHF 
enhancement mechanisms were introduced. They provided mechanisms of nanoparticle depositions on 
heating surfaces, enhanced surface wettability based on modified Young’s equation which considered 
surface roughness parameter, and the effect of nanoparticles on nucleate boiling performance. As the 
effect of nanoparticle deposition on CHF performance, hydrodynamic instability theory, macrolayer 
dryout theory, hot/dry spot theory, and bubble interaction theory were discussed.  
Most of studies using nanofluids have insisted that the enhancement in CHF can be illustrated by the 
surface wettability improvement, but the conflict results on the CHF enhancement were reported10. They 
reported conflict experimental results using carbon-based of nanofluids. The graphene oxide nanofluid 
showed the most enhanced CHF result, compared to other nanofluids used in that study, but the 
wettability and capillarity were not improved. They recognized that improved surface wettability and 
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capillarity could not explain all the CHF enhancement results. Modulation wavelength concept that was 
modified from hydrodynamic instability theory was introduced as the CHF enhancement mechanism11. 
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1.3 Objectives and Scope 
 
The present study aims for CHF enhancement study based on surface modifications through 
deposition of nanoparticles and various coating layers. In addition, modified CHF prediction model 
based on hydrodynamic instability theory is presented. The deposition of nanoparticles was performed 
by the boiling of nanoparticles and various coating layers (graphene, SiC, SWCNTs, and hybrid 
graphene/SWCNTs) were prepared by different deposition techniques. After the CHF enhancement 
experiments, various CHF models were evaluated to find the most appropriate model which can support 
the CHF enhancement results. Modified hydrodynamic instability approach was considered as the CHF 
enhancement mechanism model. For the CHF model based on the modified hydrodynamic instability 
theory, plate and wire pool boiling experiments were conducted with various experimental conditions 
to measure the RT instability wavelengths. Based on the measurement results, the modified CHF 
prediction model was developed. Based on the experimental results and experimental data obtained 
from literatures, the modified hydrodynamic CHF model was validated.  
 
The present work can be divided into the 3 parts. 
1) CHF enhancement experiments through surface modification techniques 
2) CHF experiments based on hydrodynamic instability theory (measurement of RT instability 
wavelengths) 
3) Development of a modified hydrodynamic instability CHF model 
 
In chapter 1, research background and motivation, and general literature reviews related to the boiling 
experiments were introduced with the objective of the present research. 
In chapter 2, plate pool boiling experiments were described under various heating surfaces to analyze 
CHF enhancement mechanisms under highly-wettable working fluid. The purpose of using the highly-
wettable working fluid was to suppress a wettability effect because there are conflict CHF enhancement 
results related to the surface wettability. Various kinds of heating surface characteristics were defined 
and evaluated based on the experimental results including various CHF prediction models. Based on 
the evaluation of the CHF models based on the experimental results, hydrodynamic instability theory 
as the CHF enhancement mechanism was described. 
In chapter 3, CHF experiments related to the hydrodynamic instability theory were performed. 
Measurements of the RT instability wavelength under various system pressures and heater conditions 
were performed to find the relationship the RT instability wavelength and the CHF performance. The 
results showed that the RT instability wavelengths were related to the CHF results. These results 
indicated that the critical vapor velocity can be changed by the RT instability wavelengths.  
In chapter 4, the modified hydrodynamic instability CHF prediction model was proposed and 
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validated with the experimental results from the present experimental data and literatures. The surface 
characteristics were included in the modified CHF model. Measured RT instability wavelength as the 
function of surface characteristic was validated and surface roughness parameter was also examined for 
the validation of the CHF model. By comparing the prediction model with the experimental results, the 
modified CHF model was validated. 
The conclusions and recommendations were described in chapter 5. 
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Chapter 2. POOL BOILING CHF ENHANCEMENT EXPERIMENTS 
 
2.1 Introduction 
 
The CHF enhancement studies using nanofluids or nanoparticle-coated surfaces have widely 
conducted because significant CHF results were measured under various concentrations and types of 
nanofluids or nanoparticle-coated heating surfaces. To quantify the CHF enhancement mechanisms, 
various kinds of surface parameters that may influence on the CHF results have been suggested, but the 
exact enhancement mechanism was not proved yet. Several kinds of CHF enhancement parameters and 
CHF enhancement theories were suggested. For the surface parameters, surface wettability, surface 
roughness, surface capillarity, porosity, permeability, and thermal effusivity or activity were considered. 
One of the widely introduced as the CHF enhancement parameter was the improved surface wettability, 
but several studies argued that significant CHF enhancement ratio was observed even though the surface 
wettability of the heating surfaces was not improved. This means that the CHF enhancement study that 
can suppress the effect of surface wettability is needed. Therefore, in the present work, plate pool boiling 
experiments with porous and nonporous structures of heating surfaces and deposition of graphene and 
hybrid graphene and SWCNTs surfaces were examined using FC-72 refrigerant, which makes the 
heating surfaces as hydrophilic characteristics due to its surface tension (0.01 N/m).  
The motivation of using SiC and graphene materials is as follow. A class of candidates that are suitable 
for use in extreme-environment applications is SiC materials, which can withstand high temperatures 
and high-radiation environments. The use of SiC materials has been studied in space applications and 
nuclear applications, such as fast reactors and nuclear fusion reactors, which have more severe 
conditions than existing systems24. There is no doubt that boiling surfaces constitute extreme conditions. 
For that reason, nanofluid applications of SiC materials have been tested for enhancement of heat 
transfer25. In addition, the use of graphene can be applied in nuclear conditions because it shows very 
high thermal conductivity26-28 and it has low absorption cross section of carbon. 
To find the CHF enhancement mechanisms, the analysis of surface parameters was performed. In 
addition, the CHF enhancement prediction model that can cover the all CHF results was suggested 
based on the experimental results with evaluation of various CHF models. 
 
2.2 Experimental Setup 
 
The pool boiling CHF enhancement experiments was conducted in a plate pool boiling facility under 
highly wettable fluid. Two kinds of the CHF tests were considered: the effect of porous and nonporous 
surfaces, and the effect of thermal effusivity that reflects of heat dissipation capability. During the 
experiments, infrared (IR) thermometry was prepared to measure the temperature fields of the heating 
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surfaces and detect CHF points. 
 
2.2.1 Experimental apparatus 
 
 Fig. 2-1 exhibits schematic diagram of the experimental facility. A boiling vessel with dimensions of 
200 × 200 mm2 with a 180 mm height was prepared by transparent material of polycarbonate to observe 
the boiling occurrence at every face. There are four cartridge heaters (1.6 kW total power) that were 
embedded in the boiling vessel to maintain the desired temperature of the working fluid through 
proportional integral differential (PID) controller with two T-type thermocouples. A DC power supply 
with having a maximum voltage and current of 150 V and 35 A was used to control the heat fluxes that 
applied to the heating surfaces. The voltage and the current data were collected by a data acquisition 
system (DAS) with a 250 ms period. The applied heat flux on the heating surfaces was calculated as 
follows. 
 
h c
h
V I
q
A
   (2-1) 
 
where Vh, Ic, and Ah are voltage and current applied on the heating surfaces and the area of the heating 
surfaces, respectively.  
 
2.2.2 Fabrication procedure of various heating surfaces 
 
 To conduct the CHF experiments, several kinds of heating surfaces were prepared: bare indium tin 
oxide (ITO), porous and nonporous structures prepared by the SiC and the graphene nanoparticles, and 
highly thermally conductive graphene and hybrid graphene/SWCNTs surfaces. All modified heating 
surfaces were deposited on the bare ITO heating surface. The purpose of using porous and nonporous 
structures was to show the deposition effect (porous and nonporous heating surfaces) on the CHF and 
BHT performances. On the other hand, the deposition of single-layered graphene and the hybrid 
graphene and SWCNTs surfaces was aimed for showing the effects of the thermal effusivity parameter 
on the boiling performance. 
 An ITO layer was used as a heating surface and it was deposited on a sapphire substrate (1 mm 
thickness). The area of the sapphire substrate was 50 × 50 mm2, while a 750 nm thick with having 50 × 
32 mm2 area of ITO layer was deposited at the center of the sapphire substrate. To apply the power 
from the DC power supply, silver layers with an area of 9 × 32 mm2 were deposited at the left and right 
side of the ITO layer. As a result, an actual heating surface of the ITO layer was 32 × 32 mm2. An 
average sheet resistance of the ITO layer was ranged from 9 to 11 ohm/sq via an annealing process. Fig. 
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2-2 (a) shows a plain heater surface and Figs. 2-2 (b) and (c) exhibit scanning electron microscopy 
(SEM) images of the ITO layer and the boundary surface between the silver busbars and the ITO layer. 
 For the porous heating surfaces, deposition of the nanoparticles with boiling of nanofluids was 
conducted. Two kinds of nanoparticle materials were selected: SiC and graphene-oxide (GO). 
Transmission electron microscopy (TEM) was used to analyze the material morphology. SiC 
nanoparticles have a shape of spherical with having 100 nm average diameters, while the GO particles 
are plate-shape with a thickness of ~1 nm. To deposit the nanoparticles on the ITO heating surface, the 
0.01 vol% of nanofluids by dispersing the nanoparticles in distilled water and sonication procedure for 
an hour was conducted to stabilize the mixture. After the sonication process, boiling of the nanofluids 
on the ITO heating surface was performed to make the porous structures with SiC and GO materials. 
The nanofluids were boiled for 15 min with continuous heat flux of 632 kW/m2 with saturated condition 
(100 oC) of the working fluids. During the boiling process, the reduction process of the GO nanofluid 
was appeared: the brown-colored of the GO nanofluid was changed to the black-colored fluid. This 
inferred that the characteristic of GO nanoparticles was changed to reduced graphene oxide (RGO) 
nanoparticles. The characteristics of RGO are similar to the graphene29, thus the porous structure of the 
GO nanoparticles was assumed to be the graphene nanoparticles. Fig. 2-3 exhibits the surface images 
of the SiC and graphene nanoparticle-coated surface. The average thickness of the SiC and the graphene 
surfaces was measured as ~ 7.9 μm and ~3.4 μm, respectively. 
 For the nonporous heating surfaces of the SiC and graphene, plasma-enhanced chemical vapor 
deposition (PECVD) and rapid thermal anneal (RTA) processes were used, respectively. The nonporous 
SiC surface was deposited by using SiH4 and CH4. Because the operation temperature of the PECVD 
was lower than the conventional CVD process, the surface characteristics of the bare ITO heating  
surface were not changed. The optimized flow rates of SiH4 and CH4 were selected as 20 and 300 
cm3/min, respectively. The nonporous SiC surface was coated with 3 μm thickness by controlling the 
deposition of the SiC layer. On the other hand, the nonporous graphene layer was grown on a nickel 
surface by the RTA under vacuum condition. The nickel films were prepared on a SiO2/Si wafer 
substrate with a thickness of ~100 nm at ~450 oC in the commercial evaporator. After the nickel films 
that were grown on the wafer substrate, the sample was annealed at ~1000 oC for 5 min using the RTA 
system: the high temperature annealing process changed the nickel samples to the few-layered graphene 
films30. The few-layered graphene surface was then transferred from the wafer substrate to the bare ITO 
heating surface through a spin coating technique with a poly(methyl methacrylate) (PMMA) solution. 
The SEM images of the nonporous SiC and graphene surfaces were presented in Fig. 2-4. As shown in 
the SEM images, the nonporous SiC surface had nano-smooth surface and the surface morphology of 
the nonporous graphene film showed as patches of different thicknesses, due to the characteristics of 
the RTA process. 
 For the hybrid graphene/SWCNTs heating surface, three kinds of the heating surfaces were prepared: 
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single-layered graphene, SWCNTs, and the hybrid graphene/SWCNTs layers. The hybrid heating 
surface was to determine the thermal properties on the CHF and BHT. The single-layered graphene 
surface was prepared by a CVD method because this method provided graphene as a single-layer with 
a large area. The Cu foil was used as the graphene growth material. The Cu foil was put in the CVD 
chamber for heating process with a flow of H2. After annealing process, the single-layer graphene 
surface was transferred from the Cu foil to the bare ITO heating surface. For the hybrid 
graphene/SWCNTs layers, a simple technique of spray coating with SWCNTs was used. The SWCNTs 
have diameters and the lengths of 1.4–1.7 nm and 5–20 μm, respectively. The amount of SWCNTs of 4 
μl was used based on the optimized sheet resistance of the hybrid films. To compare the graphene and 
the hybrid graphene/SWCNTs coated layers, only SWCNTs with the same amount that was used on the 
bare ITO heating surface was prepared to decouple the CHF performances of the graphene and 
SWCNTs. Fig. 2-5 indicates the SEM images of the various coating layers: the single-layered graphene, 
the hybrid graphene/SWCNTs, and the SWCNTs. As shown in the SEM image of the single-layered 
graphene, there were wrinkles or disconnected areas on the graphene surface. The high thermal 
conductive performance of the graphene can be deteriorated due to the wrinkles or disconnected lines. 
To compensate the degradation of thermal performance, SWCNTs were deposited randomly on the 
single-layered graphene surface. Fig. 2-5 (b) shows the SWCNTs deposition on the single-layer 
graphene surface where the wrinkles or line disruption areas are existed. By incorporating the SWCNTs 
on the graphene surface, the electrical conductivity can be enhanced based on the results of the sheet 
resistance, ultimately showing an enhanced thermal conductivity based on the Wiedemann-Franz law. 
 Table 2-1 summarized the purpose of using various kinds of heating surfaces in pool boiling 
experiments. The porous and nonporous heating surfaces applied to show the effects of heating surface 
structures and the hybrid graphene/SWCNTs surface was used to show the effect of the thermal 
properties of the heating surfaces. The single-layered graphene, SWCNTs, and hybrid 
graphene/SWCNTs surfaces can be also considered as the nonporous surfaces because the deposition 
thickness was ranged in the nano-scale and these structures did not have any cavities on the heating 
surfaces. 
 
2.2.3 Test procedure 
 
 The plate pool boiling experiments were conducted under the saturation condition of the FC-72 
working fluid (Tsat = 56 
oC) through the PID controller. All the measurement data such as voltage and 
current were recorded through the DAS. The voltage control used to control the heat flux applied on 
the heater during the experiments. The heat flux was increased stepwise until the CHF appeared on the 
heating surfaces. The heat flux control was increased as ~ 10 kW/m2 and ~1 kW/m2 when there was a 
sufficient margin and close to the CHF, respectively. For measurement of temperature fields for the 
 12 
heating surfaces, the IR thermometry was used. The IR intensity of the heating surface was detected 
through a gold-coated mirror. Because the ITO layer is opaque at the IR mid-region (3–5 μm), the 
investigation of the wall temperature and the bubble behaviors at the bottom of the heating surface was 
possible by using the IR thermometry. The resolution of the IR thermometry with 320 × 256 pixels with 
172 fps was used to capture the boiling phenomena. A calibration process for all heating surfaces was 
conducted by matching the IR intensity to the temperature of heating surfaces obtained from a 
thermocouple. Fig. 2-6 exhibits an example of the calibration result. The calibration results showed that 
the maximum measurement error was less than 1 %. All the CHF tests were repeated at least three times 
with the same heating surface conditions to obtain the reliability of the experimental results. 
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Table 2-1. Heating surface characteristics 
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Fig. 2-1. Plate pool boiling facility 
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(a) 
 
(b) 
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(c) 
Fig. 2-2. ITO heater: (a) heater sample, (b) SEM observation of ITO heating surface, (c) boundary 
between ITO layer and silver electrode 
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(a) 
 
(b) 
Fig. 2-3. Porous heating surfaces: (a) SiC, (b) graphene nanoparticles on heating surfaces 
 
 18 
 
 
(a) 
 
(b) 
Fig. 2-4. Nonporous heating surfaces: (a) SiC, (b) graphene (RTA method) 
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(a) 
 
(b) 
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(c) 
Fig. 2-5. SEM images of (a) graphene (CVD method), (b) hybrid graphene/SWNCTs, (c) SWCNTs 
heating surfaces 
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Fig. 2-6. Calibration procedure by matching IR intensity into measured heating surface temperatures 
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2.3 Results and Discussion 
  
 In this part, the experimental results of the CHF and BHT were discussed based on the various heating 
surface characteristics. Various kinds of surface parameters were quantified by several methods and 
various CHF prediction models, which considered the effects of surface characteristics on CHF 
performance, were discussed. In addition, the CHF enhancement prediction model that can describe all 
CHF enhancement mechanisms was suggested based on the experimental results. As a result, modified 
hydrodynamic instability approach was proposed as the CHF prediction model. 
 
2.3.1 Experimental results 
 
 In the pool boiling experiments, the CHF phenomena always appeared with a dramatic increase of the 
heater wall temperature. The CHF region was defined as the point where the sudden wall temperature 
increment occurred. If the applied heat flux was not controlled after the CHF, the heater surface will 
burnout. Fig. 2-7 exhibits the heating surface temperature profile by controlling the applied heat flux. 
After the CHF point, the vapors, which have much lower heat transfer ability compared to the liquid, 
covered the whole heating surface. Therefore, it is important to control the heat flux to escape heater 
burnout phenomena during the experiments. 
 The CHF tests performed for the bare ITO, porous SiC and graphene, nonporous SiC and graphene, 
single-layered graphene, hybrid graphene/SWCNTs, and SWCNTs heating surfaces. The CHF results 
for all coated-surfaces were compared to the bare ITO heating surface for quantification of the CHF 
enhancement ratios. Table 2-2 lists the CHF results for all heating surfaces. For the bare ITO heating 
surface, the average CHF value was 120.7 kW/m2. To provide the reliability of the experimental data, 
the CHF prediction model based on a hydrodynamic instability theory was used. The CHF prediction 
value with the hydrodynamic instability theory for the FC-72 refrigerant was calculated as 148.15 
kW/m2. The obtained CHF value was similar to the hydrodynamic instability CHF model; the CHF 
result for the bare ITO surface indicated that the experimental procedure in the plate pool boiling facility 
was valid. 
 For the porous heating surfaces, the CHF values for the SiC and graphene nanoparticle-coated heating 
surfaces exhibited 190.7 and 229.2 kW/m2, respectively. Significant CHF enhancement was observed 
in the porous heating surfaces (58% for SiC-nanoparticle and 89.9% for graphene-nanoparticle coated 
surfaces, respectively). On the other hand, the nonporous heating surfaces of the SiC and the graphene 
surfaces did not exhibit significant enhanced CHF performances (139.6 kW/m2 for the nonporous SiC 
and 131.2 kW/m2 for the nonporous graphene heating surfaces, respectively). The results inferred that 
the major influence characteristic on the CHF performance between the porous and the nonporous 
structure was the heating surface deposition characteristics. Boiling curves for the bare ITO and porous 
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and nonporous surfaces were depicted in Fig. 2-8. The CHF performances for the same heating surfaces 
showed similar, but there was a fluctuation at the ONB region due to the deposition characteristics for 
each specimen. The BHT performances for the porous structures also enhanced compared to the bare 
ITO and the nonporous structures. HTC is a criterion of the heat transfer ability at a certain heat flux, 
thus maximum HTCs can be regarded as the BHT performances. The maximum HTC for the bare ITO 
heating surface was measured as 4.335 kW/m2K, while the maximum HTCs for the porous heating 
surfaces of the SiC and graphene were calculated as 8.825 and 12.92 kW/m2K, respectively. On the 
other hand, the nonporous heating surfaces for the SiC and graphene showed similar HTC value 
compared to the bare ITO heating surface (4.739 and 4.517 kW/m2K for the nonporous SiC and 
graphene heating surfaces, respectively). Fig. 2-9 exhibits the heating surface temperature fields at 
various heat flux conditions. As shown in Fig. 2-9, an effective heat transfer was obtained in the porous 
heating surfaces. Significant enhancement in BHT performances were observed at the porous heating 
surfaces as well as the CHF results. The results inferred that the boiling performance is also depended 
on the surface structure characteristics.  
 The influence of thermal properties on boiling heat transfer test with the hybrid graphene/SWCNTs 
heating surface was conducted because the hybrid heating surface can improve the thermal conductivity 
by connecting the wrinkles or the disruption areas of the single-layered graphene surface by dispersing 
SWCNTs. The CHF values of the graphene, SWCNTs, and hybrid graphene/SWCNTs heating surfaces 
measured as 130.4, 123.0, and 141.6 kW/m2, respectively. Among the tested heating surfaces, only the 
hybrid graphene/SWCNTs heating surface achieved the CHF enhancement (17.3 %). In other words, 
there was no impact on the CHF performance when the graphene and SWCNTs heating surfaces were 
used. The similar trend was also observed in the graphene surface developed by the RTA method 
(nonporous graphene heating surface). The result indicated that the superior thermal properties of the 
graphene were not exhibited on the single-layered graphene heating surface due to the wrinkles or the 
dislocations. In the hybrid graphene/SWCNTs heating surface, however, the enhanced CHF result 
would be appeared because the SWCNTs layers connected the disruption lines of the graphene heating 
surface. Fig. 2-10 exhibits boiling curves for the bare ITO, graphene, SWCNTs, and hybrid 
graphene/SWCNTs surfaces. As shown in the boiling curves, the BHT performance of the SWCNTs 
surface was higher than the single-layered graphene surface because the deposition thickness of the 
SWCNTs was larger than the single-layered graphene surface. Fig. 2-11 shows the temperature fields 
at different heat fluxes (10, 30, 84, 120, and 135 kW/m2). As Fig. 2-11 indicates, the maximum and 
average wall superheat of the hybrid graphene/SWCNTs surface were lower than other heating surfaces. 
This means that the effective heat transfer during the boiling occurrence was observed in the hybrid 
graphene/SWCNTs surface due to the enhanced thermal heat transport. The highest HTC was measured 
in the hybrid graphene/SWCNTs surface (6.83 kW/m2), while the maximum HTC for the graphene and 
the SWCNTs surfaces was obtained as 4.49 and 5.31 kW/m2, respectively. 
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 The experimental results showed that the significant enhanced CHF performance obtained when the 
heating surface characteristics were changed dramatically from the nano-smooth to the porous 
structures. In addition, the highly-thermal characteristics of the heating surface can improve the boiling 
performance based on the hybrid graphene/SWCNTs surface. Based on the experimental results, the 
investigation of surface parameters to find the CHF enhancement mechanism was conducted. The 
analysis of the surface parameters was surface wettability, surface roughness, surface capillarity, 
porosity, permeability, and thermal effusivity. 
 
2.3.2 Surface parameter study 
 
 Table 2-3 lists the surface parameters that could influence on the CHF performance. For the surface 
wettability, the parameter could determine the wetting and rewetting zone on the heating surface area 
by surface-liquid interaction. If the surface reflects hydrophilic characteristic, the working fluid can 
spread out easily on the heating surfaces at high heat fluxes, compared to the hydrophobic surface. Most 
of the CHF enhancement studies argued that the change of surface wettability has been considered as 
the main parameter on the CHF performance. However, there were contradictory reported results that 
the significant CHF results can be obtained even though surface wettability was not improved or 
deteriorated11. In the present study, hydrophilic characteristics for all heating surfaces appeared because 
FC-72 refrigerant, which has lower surface tension (0.01 N/m) compared to water (0.0589 N/m), used 
as the working fluid. To support the hydrophilic characteristics for all heating surfaces, static contact 
angle measurements were performed. All heating surfaces showed hydrophilic characteristics: 14.3 for 
the bare ITO, 14.0 for the porous SiC, 13.5 for the porous graphene, 11.7 for the nonporous SiC, 
13.6 for the nonporous graphene, 11.8 for the single-layered graphene, 12.1 for the SWCNTs, and 
13.9 for the hybrid graphene/SWCNTs heating surfaces, respectively. Because static contact angles for 
all heating surfaces were ranged from 11 to 14, the effect of surface wettability can be suppressed. 
Therefore, the ambiguous surface wettability parameter was not considered in the present experiments. 
 For the capillarity, this parameter influences on liquid supply to dry patch on the heating surface that 
could escape to cause the heater surface temperature excursion. The surface capillarity can be quantified 
by the measurement of capillary height or length. Several studies have evaluated the capillarity by the 
liquid adsorption on the heating surfaces11, 31-32. The previous studies indicated that the trend of the 
capillarity can support the CHF enhancement. In the present study, therefore, similar capillarity 
observation was conducted on the porous heating surfaces because nonporous heating surfaces could 
not provide any liquid path into the heating structures. The porous heating surfaces were cut by the low 
speed saw for the capillarity measurement. Because the FC-72 has low latent heat (88 kJ/kg) in 
comparison with water (2257 kJ/kg), the capillary wicking measurement was conducted at low 
temperature (~0 oC). Fig. 2-12 shows the results of the capillary measurements. As shown in Fig. 2-12, 
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there was no difference between the porous SiC and graphene surfaces due to the low surface tension 
of the working fluid. This means that porous heating surfaces did not exhibit any capillarity, thus the 
effect of the capillarity was not also considered as the surface parameter that influences on the boiling 
performance. 
 The surface roughness parameter also considered as one of the main surface parameter in the CHF 
performance. When the surface roughness was created on heating surfaces, activation nucleation sites 
and boiling center can be created. This could bring the change of the CHF and BHT. In addition, the 
surface roughness affects to the surface wettability, but the effect of surface wettability through the 
change of surface roughness was not included in the present study. The surface roughness can be 
quantified by the measurement surface vertical deviation. The atomic force microscopy (AFM) was 
used to measure the surface roughness parameters. Fig. 2-13 shows the AFM images for all heating 
surfaces. As surface roughness parameters, the arithmetic average of the surface height deviation (Ra) 
and the root mean square (Rq) values were considered. Compared to the bare ITO and nonporous heating 
surfaces, higher values of the Ra and Rq were observed in the porous heating surfaces. The porous 
graphene and SiC heating surfaces could be differentiated from the bare ITO and nonporous heating 
surfaces which showed nanosmooth heating surfaces. This means that the surface roughness may 
influence on the boiling performance in the present experiments. 
 Porosity and the permeability parameters are related to the ability of the liquid transport into the porous 
heating surfaces. Therefore, the porous SiC and graphene heating surfaces were examined to quantify 
the porosity and the permeability. When the porous structures are created on the heater, the change of 
nucleation site density can be appeared. The surface porosity also provides the liquid transport space 
between the nucleate sites with the inner structure of the heating surface that can endure high heat fluxes 
compared to the plain heating surface. Fig. 2-14 is detailed surface structures. As Fig. 2-14 depicts, the 
characterization of the surface fields was possible, but the quantification of the porosity measurement 
through the SEM images was difficult because these images did not provide inner surface characteristics. 
To measure the porosity of the porous heating surfaces, mercury porosimetry was used. The mercury 
has hydrophobic that brings non-wetting characteristics on the heating samples. In other words, the 
mercury can be supplied into the porous structures when the system pressure changes. This enables the 
measurement of the size distribution of the pores and cavities of the structure as well as the porosity. 
The Washburn equation was used to calculate the pore sizes as a function of the applied system pressure. 
 
2 cos
r
P
 
   (2-2) 
 
where r is the pore radius,  is the surface tension of mercury,  is the liquid-surface contact angle of 
mercury, and P is the applied pressure to the sample. The system pressure was varied from the 
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atmospheric pressure to 4081 bars, thus the pore sizes ranged from 3.6 nm to 950 μm were considered 
into the porosity estimation. Based on the porosity estimation, the porosities of the porous SiC and 
graphene surfaces were ~3.75% and ~13.1%, respectively. The trend of the CHF performance was 
similar to the porosity measurement results; the CHF of the porous graphene heating surface was higher 
than the porous SiC heating surface. Therefore, the surface parameter of the porosity may influence on 
the CHF performance and several studies related to the deposition characteristics of the nanoparticles 
supported the present experimental results11, 33.  
 The permeability is a criterion of the ability for vapors or fluids to flow into the heating surface 
structure based on the pore properties. The permeability parameter can be quantified by the effective 
area in the porous structure. The permeability is related to the porosity . This means that the permeability 
of the porous graphene would be higher than the porous SiC heating surfaces. To quantify the 
permeability of the porous structures, the permeability measurement was conducted. The measurement 
tests with the heating surfaces that were used in the boiling experiments were difficult because there 
was no penetration path in the heating surfaces. Instead of using the heater samples, stainless steel plate 
with diameter and thickness of 25 and 1 mm, was used. There was a 1-mm-diameter hole at the center 
of the specimens to deposit the nanoparticles for the permeability test. The deposition of the 
nanoparticles on the samples was conducted in the hot plate. Fig. 2-15 shows the test samples and SEM 
images of the test samples. The permeability measurements were conducted based on the test samples 
and the permeability was calculated from Darcy’s law, which describe a fluid flow kinetics through the 
porous structures. 
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where Q is the volumetric flow rate through the porous structure, μ is the viscosity, l is the flow length 
or thickness of the test sample, A is the cross-sectional flow area, and ΔP is the pressure drop through 
the porous structure. The measurement results indicated that the average permeabilities of the porous 
SiC and graphene heating surfaces were 2.0129×10-11 and 2.060×10-10 m2, respectively. The 
permeability of the porous graphene heating surface was higher than that of the porous SiC heating 
surface, as was the porosity. Therefore, higher permeability brings the liquid penetration into the heating 
structures; this characteristic may bring the change of the CHF performance. 
 The material properties can also influence on the CHF performance34-35. One of the material parameter 
that has been used in the CHF enhancement mechanism studies is the thermal effusivity. Thermal 
effusivity has considered as the CHF and BHT enhancement mechanism because it contains the thermal 
conductivity, density, and heat capacity of the heating surfaces. The heat dissipation phenomenon at 
high heat flux regions could be explained by the thermal effusivity. This parameter is the rate at which 
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a certain material could absorb and transfer the heat to the surroundings. Higher thermal effusivity 
material can deliver more heat to the heating surface surrounding or the working fluid. At the high heat 
flux close to the CHF, there would be higher temperature regions that may cause the CHF due to the 
low heat transfer ability on that point. By using the heat material that reflects higher thermal effusivity, 
effective heat dissipation on the heating surface appeared and it can delay the hot/dry spot formation 
that causes the CHF. This means that the CHF and BHT performances could be enhanced due to the 
change of thermal properties of heating surfaces. The thermal effusivity parameter is given by 
 
h h hE c k ,   (2-4) 
 
where ρh, ch, and kh are the heater material density, specific heat, and thermal conductivity, respectively. 
The higher effusivity heating material can increase the amount of the phase change of the fluid from 
liquid to vapor36-37. In addition, there was a correlation related to the HTC performance based on the 
thermal effusivity at the nucleate boiling regions with various working fluids 38. This means that the 
HTC can be enhanced when the heating material properties are improved. Fig. 2-16 shows an illustration 
related to the thermal heat transport phenomena on the single-layered graphene and hybrid 
graphene/SWNCTs heating surfaces. For the hybrid graphene/SWCNTs heating surface, the result 
indicated that the CHF and HTC performances were higher than compared to the bare ITO, single-
layered graphene, and SWCNTs heating surfaces. The main purpose of the hybrid heating surface was 
to connect the wrinkles or dislocation lines of the graphene layer with the SWCNTs for maximizing 
thermal properties of carbon structures. The main heat dissipation parameter in the thermal effusivity is 
the thermal conductivity. Therefore, the enhanced CHF and HTC appeared on the hybrid 
graphene/SWNCT heating surface. 
 Major surface parameters that could influence on the CHF performance were analyzed based on the 
experimental results. The independent evaluations of surface parameters were impossible because the 
surface parameters are linked each other. For example, the surface roughness is linked to the surface 
wettability because the static contact angle can be changed based on modified Young’s equation, which 
considered the surface roughness into the surface wettability. In addition, the porosity and the 
permeability could not stand for the CHF enhancement parameters independently. It is hard to 
demonstrate the effects of each surface parameter because most of parameters are connected. Instead, 
there are many efforts to prove the CHF enhancement mechanism based on CHF prediction models. 
Various kinds of CHF prediction models were introduced and following CHF enhancement mechanisms 
based on the experimental results were discussed in the next part. 
 
2.3.3 Comparison between CHF results and CHF prediction models 
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 There are many efforts on developing CHF prediction models because the precise CHF prediction is 
related to the safety of industries including nuclear power plants. If the accurate CHF prediction model 
related to the nuclear power plants is developed, the margin for the departure nucleate boiling ratio 
(DNBR) will be controlled. In addition, nuclear power density and safety margins can be increased with 
the exact CHF prediction model. Several kinds of CHF models will be introduced to predict the CHF 
results measured in the pool boiling experiments. 
 The hydrodynamic instability theory for the CHF prediction has been widely used in various industrial 
and research fields because the model can predict the CHF performance when a plain heating is used. 
The hydrodynamic instability theory explains the CHF phenomenon by the critical vapor velocity. 
When the velocity of vapor reaches critical state at the CHF region, the downflow of a liquid to the 
heated surface is prevented by the vapor generation. The CHF model can be obtained as 
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where ρl, ρv, hlv, σ are the liquid density, vapor density, latent heat, and surface tension, respectively. 
The predicted CHF value could be varied if the effect of heating surface characteristics were considered 
in the Zuber’s model. To compensate for the surface effects on the CHF model, Liter and Kaviany9 
proposed a modulation wavelength that reflected the effect of CHF performance by changing the surface 
from the plain to the porous structures. Liter and Kaviany9 insisted that the RT instability can be 
determined by the porous structures: the RT instability wavelength can be determined by a 
geometrically conditions. Following relations were considered into the hydrodynamic instability theory. 
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where a, λKH, and λm are the constant, Kelvin–Helmholtz (KH) instability wavelength, and modulation 
wavelength determined by the heater geometry. The measurement of the modulation wavelength in the 
present experimental works (porous SiC and graphene heating surfaces) is difficult because the 
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deposition of the nanoparticles on the bare ITO heating surface was irregular because boiling-induced 
depositions were conducted. There is a prediction model for the modulation wavelength that can be 
derived as 
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where ε and d are the porosity of the structure and the pore particle size. The measurement of the pore 
particle size for the porous SiC heating surface can be estimated by the SEM images (Figs. 2-3 and 2-
14). The SiC nanoparticles agglomerated onto the spherical shape during the deposition process with 
an average size of 230 nm. However, the measurement of the pore size for the porous graphene heating 
surface was not conducted because the deposition of the porous graphene had a plate shape, as shown 
in Figs. 2-3 and 2-14. The porosity for the porous SiC heating surface was measured from the mercury 
porosimetry (~ 3.75%), thus the estimation of the modulation is possible. When the porosity data for 
the porous SiC heating surface was considered in the model, there was a large discrepancy between the 
measured CHF result and the predicted CHF value, possibly because the pore size in the prediction 
model did not cover the nano-scale of the pore structure. This means that the models seemed to be 
limited in the micro- or millmiter-scale of the pore size. But there have been CHF enhancement 
mechanism studies related to the change of the RT instability wavelengths.  
The balance between the capillary pumping force and the liquid viscous drag along its flow path can 
be used to predict the CHF due to the capillary pumping limit9,39. 
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where μl is the viscosity of the liquid, K is the permeability of the wicking structure, CE is the Ergun 
coefficient, D is the liquid flow distance, and φs is the porosity of the surface subarray. For the porous 
SiC surface, the liquid flow distance D was ~7.9 μm, the structural porosity φs was ~0.0375, and the 
permeability K was ~2.0129×10-11 m2. For the porous graphene heating surface, the liquid flow distance 
D was ~3.4 μm, the structural porosity φs was ~0.0131, and the permeability K was ~2.060×10
-10 m2. 
The values of qchf,c given by eq. (2-10) for the porous SiC and porous graphene heating surfaces are 
approximately 8983 kW/m2 and 48,920 kW/m2, respectively. A sensitivity analysis of the permeability 
and porosity, which influence on the capillary pumping limits, was conducted. As Fig. 2-17(a) shows, 
the permeability, which ranged from 10-16 to 10-10, changes the CHF exponentially. The porosity, on the 
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other hand, changes the CHF linearly, as shown in Fig. 2-17(b). Therefore, careful measurement of the 
permeability, taking into consideration the pore size, porosity, and working fluid, is needed.  
 There is a CHF theory related to the dryout of a liquid macrolayer on a heating surface, called as 
macrolayer dryout theory. This approach assumed that the CHF appeared when hovering time of large 
mushroom-shaped bubbles on the heating surface is relative larger than a departing period40. The 
macrolayer dryout can be calculated as 
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where δe and τd are the equivalent thickness of the macrolayer and the time to dry out the macrolayer 
liquid film, respectively. The CHF for the macrolayer dryout model is determined when the hovering 
time of vapor clot or vapor mushroom (τh) is longer than the time to dryout. Sadasivan et al.
40 estimated 
the equivalent thickness of liquid layer that contains the effect of surface wettability. The equivalent 
thickness of macrolayer can be estimated as 
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where rb, and θ are the bubble radius, and the contact angle, respectively. When the heating surface 
exhibited hydrophilic conditions, the equivalent thickness of liquid will be increased which bring the 
enhanced CHF performance. In the present work, however, the increased equivalent thickness of liquid 
could not be considered because the highly-wetting fluid (FC-72 refrigerant) was used as the working 
fluid. Instead of the effect of surface wettability, the additional possible of increasing the equivalent 
thickness of liquid layer was proposed by the effects of porous structures on heating surfaces11.  
 
total e p      (2-14) 
 
where δp is the increment of equivalent thickness of liquid layer due to the porous structures. Total 
thickness of the equivalent liquid layer indicated that the CHF enhancement would be illustrated by the 
effect of surface wettability and porous structures. In the present study, the additional equivalent 
thickness of the liquid layer for the porous heating surfaces supported the CHF enhancement, but 
detailed quantification by using the increment of the liquid layer is difficult because the calculated of 
the equivalent thickness of microlayer for the porous heating surfaces was similar to the bare ITO 
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heating surface: 103.3, 103.6, and 103.7 μm for the bare ITO, porous SiC, and porous graphene heating 
surfaces.  
Bubble interaction theory describes that the CHF is postulated by bubbles coalescence because of a 
large number of bubbles and departure frequency at high heat fluxes41. The correlation related to the 
bubble interaction was presented by shear force effect generated by the interaction of the growing and 
departing bubbles on heating surfaces. According to Kolev’s model42, the boiling performance from the 
nucleate boiling region and the CHF region can be predicted and expressed as 
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where NA, ΔT, τw, and τd are nucleate site density, wall superheat, bubble wait time, and bubble 
departure time, respectively. In the bubble interaction model, the parameters of nucleate site density 
and bubble wait and departure time are strongly influenced by the surface wettability. Example of 
boiling curves based on the bubble interaction theory is described in Fig. 2-18. As Fig. 2-18 exhibits, 
the CHF is increased as the surface wettability changes to hydrophilic, while the HTC at the nucleate 
boiling region is deteriorated. The surface wettability is the major parameter that influences on the CHF 
performance in the bubble interaction theory. If the surface characteristics are considered into the 
Kolev’s model, the enhancement CHF mechanism could be improved. 
 When the heat flux is close to the CHF, hot/dry spots are appeared on the heating surfaces during 
bubble growth and departure period. The hot/dry spot could be appeared as reversible or irreversible. 
The theory of the hot/dry spot model is that CHF occurs when the irreversible hot spots are created and 
these irreversible hot spots bring temperature excursion43-44. Microhydrodynamics of the solid-liquid-
vapor line at the boundary of a hot/dry spot was presented45.  
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Interestingly, the equation of the hot/dry spot and the hydrodynamic instability theory equation are 
almost same except for the parameter k. The parameter of k is depended on the heater surface 
characteristics. Bang et al.46 obtained temperature distributions of heating surfaces with base fluid and 
Al2O3 nanofluid. They used IR thermometry to measure temperature fields of all heating surfaces with 
various conditions. Fig. 2-19 shows series of the IR images in the base fluid and the nanofluid at the 
CHF region. As shown in Fig. 2-19, differences in the behavior of the nanofluids were confirmed by 
the IR thermometry: presence of several non-expanding hot spots, cold spots distribution, cold spots 
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around the main hot spot, and cyclic behaviors of hot spot expansion46. The same phenomenon was 
observed in the experimental results, especially for the porous structures and the hybrid 
graphene/SWCNTs heating surface (Figs. 2-9 and 2-11). The results also indicated that the hot spots 
are separated until CHF occurred. These results supported the mechanisms of the hot/dry spot model 
that CHF can be enhanced when the hot spots are not gathered and irreversible hot spots are suppressed. 
The present experiments of the porous heating surfaces supported the hot/dry spot model, but detail 
description is difficult because the hot/dry spot model is depended on the boiling observation. Recently, 
measurements of dry spots using high-speed and high-resolution devices in plate pool boiling conditions 
to determine the CHF triggering mechanism. Chu et al.47 visualized the liquid-vapor phase distributions 
on a heating surface at various heat flux conditions including the CHF region. Measurements of residual 
dry patches were conducted to find the triggering mechanisms of the CHF. However, the experimental 
data were limited to find the CHF mechanisms because thermal behavior on the heating surfaces was 
not conducted. Kim et al.48 measured the dry fraction area including irreversible dry spot at CHF in pool 
boiling. The measurement of temperature distribution and phase distributions was conducted through a 
IR thermometry. They presented a conceptual boiling curve that time average heat flux is the form of 
the ratio of the nucleate boiling and film boiling heat fluxes. However, it was also difficult to find the 
precise CHF triggering mechanisms through the dry spot formations. In addition, plate pool boiling 
experimental facility with synchronized total reflection technique (high-speed camera) and the IR 
thermometry was used to found the CHF mechanism based on the irreversible dry patch with the 
temperature distributions with triple-contact-line49. The visualization of the boiling measurement and 
temperature distribution on a heating surface was conducted. They inferred that the CHF triggering 
mechanism should consider the dynamics of the dry patch and the thermal behavior. 
 Bubble force balance between momentum changes due to bubble evaporation was proposed by 
Kandlikar50. He proposed the momentum change that was the balance of the surface force at the bottom 
and the top of the bubble and the gravity force. The model assumed that the heat flux on the heater 
surface is obtained by the heat transfer rates over the influence area and over the interface area of the 
average bubble diameter50. The bubble diameter was obtained by assuming the half of the RT instability 
wavelength. The bubble force balance model for the CHF prediction can be calculated as 
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where β and φ are the bubble receding angle and the heater inclination angle, respectively. The equation 
indicated that the CHF are varied with the surface wettability. Most of nanofluids studies showed that 
the CHF improvement can be determined by the surface wettability except for some cases such as Park 
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et al.10 and Maeng et al.51. However, when the surface showed superhydrophilic which contact angle 
reached 0, it is difficult to predict the CHF trends. Ahn et al.32 showed that the Kandlikar’s model 
could not predict the CHF trend when the nano/microstructures were used. 
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where ε, δ, and Aw area the porosity and thickness of the structure and the area wetted by capillary 
wicking, respectively. Additional consideration of spreading effect was included in the Kandlikar’s 
model. On the other hand, additional parameter on the momentum balance was considered into the 
Kandlikar’s model to analyze the CHF performance with the surface roughness which reflects the ratio 
of actual heating surface area and projected heating surface area. Quan et al.52 considered capillary 
wicking phenomenon created by the surface roughness which can predict the CHF trend based on the 
surface wettability and the surface roughness.  
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where Φs and r are the solid fraction of the heating surface and the surface roughness, respectively. The 
model can predict the CHF based on the surface wettability, the surface roughness, or the solid fraction. 
In addition, additional force term was considered into the bubble force balance53. Instead of using 
surface roughness (actual surface area/projected surface area), the average roughness value (Ra) of the 
heating surfaces obtained by the measurement device. They considered the capillary wicking term in 
the balance equation and the Ra and the mean spacing of the surface roughness (Sm) were considered.  
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where S and C are the correlation factor for the CHF prediction model. However, these CHF models 
related to the bubble force balance models are limited to their experimental results. In the present 
experiments, the main objective was to obtain the CHF enhancement without surface wettability and 
capillary improvements. This inferred that the bubble force balance model cannot be considered as the 
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CHF enhancement mechanism. 
Table 2-4 lists the evaluation of various CHF models. Various CHF prediction models are introduced 
and evaluated by the experimental results. The explanation of the CHF enhancement for the porous 
surfaces and the hybrid graphene/SWCNTs was possible based on several CHF models, but it was 
difficult to quantify the CHF enhancement ratio. To deal with the problem, the new approach of the 
CHF enhancement mechanism model based on the hydrodynamic instability theory is proposed in the 
present study. The classical hydrodynamic instability did not consider the effects of surface 
characteristics. This indicates that the CHF mechanism model based on the hydrodynamic instability 
theory can be improved by considering heating surface characteristics. Park et al.10 and Lee et al.54 used 
the hydrodynamic approach on their experimental results and showed that RT instability wavelength 
measurements through condensation methods can predict the CHF enhancement mechanism. In 
addition, Park and Bang11 correlated their measurement RT instability wavelengths and CHF results to 
explain the CHF enhancement mechanism based on the hydrodynamic instability approach. Fig. 2-20 
shows the results of the RT instability measurement results provided by Park and Bang11. But the 
experimental correlation is not suitable because the measurement of the RT instability wavelengths was 
conducted in R-123 refrigerant, while the CHF enhancement data were measured in water as the 
working fluid. This means that additional experiment studies should be performed to develop the CHF 
model based on the hydrodynamic instability approach. Therefore, a revisiting study to find the relation 
between the RT instability wavelength and the CHF values under various experimental conditions was 
performed. In addition, surface patterning studies to evaluate the RT instability wavelengths in plate 
pool boiling were performed. These experimental studies will be described in the chapter 3. Based on 
the experimental works related to the hydrodynamic instability theory, the modified hydrodynamic 
instability theory model that consider the effect of surface characteristics is proposed in the chapter 4 
and the validation of the proposed model is performed based on the existed experimental results.  
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Table 2-2. CHF results and enhancement ratio according to various heating surfaces 
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Table 2-3. CHF mechanisms based on surface characteristics 
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Table 2-4. Evaluation of various CHF models 
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(a) 
 
(b) 
Fig. 2-7. IR observation at CHF region: (a) heating surface temperature distributions, (b) wall 
temperature profiles 
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Fig. 2-8. Boiling curves for various heating surfaces 
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Fig. 2-9. Temperature fields of various heating surfaces under different heat fluxes 
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Fig. 2-10. Boiling curves for bare ITO, graphene, SWCNTs, and hybrid graphene/SWCNTs heating 
surfaces 
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Fig. 2-11. Temperature distributions for bare ITO, graphene, SWCNTs, and hybrid 
graphene/SWNCTs heating surfaces at various heat flux conditions 
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Fig. 2-12. Capillary height measurements for porous heating surfaces 
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Fig. 2-13. AFM images for various heating surfaces 
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(a) 
 
(b) 
Fig. 2-14. Magnification heating surface images of (a) porous SIC, (b) porous graphene surfaces 
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(a) 
   
(b) 
Fig. 2-15. Permeability analysis: (a) measurement samples, (b) SEM images of porous heating 
surfaces 
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Fig. 2-16. Illustration of thermal transport phenomenon on graphene and hybrid graphene/SWCNTs 
heating surfaces 
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(a) 
 
(b) 
Fig. 2-17. Sensitivity analysis of (a) permeability, (b) porosity 
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Fig. 2-18. Boiling curves based on bubble interaction thoery5 
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Fig. 2-19. IR observation of heating surfaces with pure ethanol and ethanol-based Al2O3 nanofluid46 
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(a) 
 
(b) 
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(c) 
Fig. 2-20. CHF enhancement mechanism study based on modulation wavelength9,54,11 
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2.4 Conclusions 
 
 The CHF enhancement studies were performed in the plate pool boiling under various heating surfaces: 
bare ITO, porous SiC and graphene, nonporous SiC and graphene, single-layered graphene, SWCNTs, 
and hybrid graphene/SWCNTs. FC-72 refrigerant was used as the working fluid to suppress the effects 
of surface wettability and capillarity. The analysis of the surface parameters was examined based on the 
experimental results and various CHF prediction models were considered to predict the CHF results. 
(1) The CHF value of the bare ITO surface was measured as 120.7 kW/m2, which was similar 
value compared to the Zuber’s hydrodynamic instability model. For the porous SiC and 
graphene heating surfaces, the CHF was enhanced up to 58% and 90%, respectively, than that 
of the bare ITO heating surface. On the other hand, the nonporous heating surfaces of SiC and 
graphene did not show the superior CHF enhancement. 
(2) The hybrid graphene/SWCNTs heating surface could bring the most enhanced CHF and HTC 
compared to the bare ITO, single-layered graphene, and SWCNTs heating surfaces. The 
enhancement can be described by the superior thermal properties of the hybrid heating surface 
by connecting the wrinkles or the dislocation lines of the graphene with the SWCNTs.  
(3) The analyses of the surface parameters that could influence on the CHF performance were 
conducted; surface wettability, capillarity, roughness, porosity, permeability, and thermal 
effusivity parameters were examined. The main purpose of the pool boiling CHF tests was to 
suppress the surface wettability by using the low surface tension working fluid. This means 
that the wettability was not considered as one of the major parameter in the CHF enhancement. 
The surface capillarity characteristics were examined only for the porous heating surfaces 
because there would be a liquid transport area in the heating structures. The measurement 
revealed that the surface capillarity did not influence on the CHF performance. The surface 
roughness for the porous heating surfaces was higher than other heating surfaces: the surface 
roughness may control the boiling performance. The porosity and the permeability were 
quantified through the measurement devices and the results showed that the porous graphene 
heating surface had higher porosity and permeability values compared to the porous SiC 
heating surface. The experimental results supported the measurement results of the porosity 
and permeability, but detailed quantification was impossible because the prediction CHF 
models, which considered those of surface parameters, limited to the millimeter- or micro-scale 
pore structures. The thermal effusivity test with the hybrid graphene/SWCNTs surface was 
examined and the results indicated that the higher thermal effusivity brought the CHF 
improvement by dissipating the hot or dry spots to the surrounding with the help of superior 
thermal properties. 
(4) Various kinds of CHF models were evaluated to find the accurate model that could support the 
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experimental results. However, it was difficult to quantify the CHF enhancement ratio with 
comparison of existing CHF models. Instead of the existing CHF models, modified 
hydrodynamic approach for the CHF prediction was proposed. The detailed description for 
supporting the modified hydrodynamic approach will be described in the chapter 3 and 4. 
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Chapter 3. CHF EXPERIMENTS BASED ON HYDRODYNAMIC INSTABILITY THEORY 
 
3.1 Introduction 
 
 In this chapter, experimental works related to the CHF model based on the hydrodynamic instability 
theory were studied. The hydrodynamic instability model illustrated that critical vapor velocity 
determined the CHF region and the KH instability wavelength was a criterion for determining the 
critical vapor velocity. CHF studies related to the hydrodynamic instability theories have focused on 
the RT instability wavelengths and developing prediction models based on the change of the RT 
instability wavelengths. The measurement of the change of the RT instability wavelengths was 
conducted in a wire pool boiling and a plate pool boiling facilities to consider the RT instability 
wavelength as the CHF enhancement parameter. The experimental results indicated that the effect of 
surface characteristics should consider in the RT instability wavelength to predict the CHF trends. 
 
3.2 Experimental Setup 
 
 The experiments for the validation of the hydrodynamic instability theory were conducted in two 
experimental facilities: pressurized wire pool boiling and plate pool boiling facilities. For the 
pressurized wire pool boiling facility, RT instability wavelengths were measured in various wire 
diameters and pressures for providing the background of the modified hydrodynamic CHF model. In 
the plate pool boiling facility, the patterned Pt heating surfaces for the RT instability wavelength 
measurements under various CHF results were performed. 
 
3.2.1 Pressurized wire pool boiling facility 
 
Fig. 3-1(a) exhibits a schematic diagram of the pressurized wire pool boiling apparatus. Boiling vessel 
and the pressurizer are installed in the facility. Boiling occurred in the boiling vessel and the pressurizer 
provides the desired system pressure during the experiments. The boiling vessel has dimensions of 250 
mm × 200 mm with a height of 200 mm. The outer diameter and height of the pressurizer are 165.2 and 
300 mm, respectively. An N2 gas container is connected to the pressurizer for the controlling the system 
pressure. The design limit of the pressure and the temperature in the boiling vessel and the pressurizer 
is 20 bar and 200 °C, respectively. The desired temperature of the facility was controlled by the PID 
controller. For the pressure control, backpressure regulators were connected in the boiling vessel and 
the pressurizer, respectively. Boiling observations in the boiling vessel was provided through the 
visualization ports. In addition, there is a visualization window in the pressurizer to support that the 
working fluid is filled in the boiling vessel. 
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In the experiment, various diameters of Ni-Cr wire were used and the wire connected with the DC 
power supply (150V, 35A). Fig. 3-1(b) exhibits the detailed description of the wire connection to the 
copper electrodes. To connect the electrodes and the wire, there was a hole on the electrodes and a bolt. 
The test specimen of Ni-Cr wire was 110 mm length. To measure the current, the standard resistance 
was used. The DAS recorded the applied voltage and current during the experiment. In addition, the 
temperature in the boiling vessel and pressurizer were monitored by the DAS. The heat flux of the wire 
was calculated using the following equation: 
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where q″ is the heat flux, V is the voltage, I is the current, D is the wire diameter, and L is the length of 
the wire specimen. 
 As a working fluid, R-123 refrigerant was selected because the boiling point is low compared to FC-
72 and water (27.6 °C). This means that it was easy for maintaining the saturation state of the R-123 
even at high pressures, compared to the water. In addition, the test specimen was not damaged or 
burnout even though the CHF appeared. Various diameters of Ni-Cr wire were considered: 0.3, 0.5, and 
0.7 mm. At atmosphere pressure, three kinds of different diameters were used in the experiment. In 
addition, the diameter of 0.5 mm wire was used in various pressures to measure the RT instability 
wavelength with respect to CHF results. 
The applied heat flux on the wire was controlled by the voltage control. When there was a significant 
margin to the CHF, the heat flux was controlled at ~20 (kW/m2)/min. When the CHF is approached, the 
heat flux was controlled at ~5 (kW/m2)/min. After the transition process from the nucleate boiling to 
stable film boiling, HSV captured the RT instability wavelengths. The heat flux was then decreased 
until the MHF point was reached. HSV recorded boiling occurrence at the MHF point. The uncertainty 
of the diameter and length of the Ni–Cr wire was ±1%. The uncertainty of the voltage and current is 
±1% and ±1%, respectively. The uncertainty of the heat flux was ±1.7%, which was calculated using 
the following equation: 
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Fig. 3-2 exhibits the experimental setup with the HSV. The record rate of the HSV was 500 fps. The 
calibration of the HSV was simultaneous obtained with a calibration sheet that was located on the 
visualization port. The average distance of the vapor columns assumed as the RT instability wavelength 
and several images were considered to get the average RT instability wavelength.  
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3.2.3 Patterned plate heating surfaces 
 
 CHF enhancement through the patterned Pt surfaces was examined in the plate pool boiling experiment. 
The RT instability wavelength observations for various heating surface conditions were used to 
investigate the relationship of the RT instability wavelength with the CHF results. The surface 
modification was conducted on the direct Pt heating surface.  
 Heater surface fabrication procedure for the Pt heating surfaces was shown in Fig. 3-3(a). The test 
heater was composed of the Si wafer substrate with the thickness of 500 μm. The size of the Si wafer 
for the heater was 30 mm × 30 mm. 100 nm-thick oxidation layer was deposited on the Si substrate for 
the passivation of the test sample. A Cr of 20 nm thin film was used as the adhesion layer between the 
Si substrate and the Pt layer. Then, the heating material of Pt layer was deposited on the substrate via 
an electron-beam (E-beam) evaporator with having an area and a thickness of 30 mm × 20 mm and 100 
nm, respectively. The specific patterns were formed by photolithography  techniques with photoresist. 
The electrodes with having an area of 5 mm × 20 mm were deposited at the end of the Pt layer through 
E-beam evaporator with adhesion Cr layer. Therefore, the actual heating surface area used in the pool 
boiling experiment was 20 mm × 20 mm. 
As heating surfaces, four kinds of heating modification were considered: plain, 9 holes, 49 holes, and 
169 holes. The patterned surfaces were fabricated by inductively coupled plasma reactive ion etching 
(ICP-RIE)  process. With the ICP-RIE, the patterning depth of 50 nm was etched. The diameter of 
patterned surface for 9 holes, 49 holes, and 169 holes was 3, 1.5, and 0.75 mm, respectively. Pitch per 
diameter ratio was the same as 2 for every heating surface. The area enhancement due to the patterned 
surfaces was not considered because the maximum area enhancement ratio for the 169 holes heating 
surface was less than 0.001%. Fig. 3-3(b) shows heating surface magnification images obtained. As 
shown in Fig. 3-3(b), the plain Pt heating surface revealed that it has no microcavities; nanosmooth 
heating surfaces.  
 A preliminary heating test of the heating surfaces was conducted to show the effect of the patterned 
heating surfaces at low heat flux regions. Fig. 3-4 shows temperature fields for the heating surfaces at 
a certain heat flux (40 kW/m2): Fig. 3-4(a) exhibits the temperature distributions on the heating surfaces 
and Fig. 3-4(b) shows boiling occurrences at that heat flux. As shown in Fig. 3(a), distinct temperature 
fields on the patterned heating surfaces were found. Higher temperature fields existed at the patterned 
heating surfaces, compared to the plain heating surface. In addition, HSV results indicated that boiling 
was concentrated on the patterned heating surfaces. 
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(a) 
 
(b) 
Fig. 3-1. Pressurized wire pool boiling facility: (a) schematic diagram, (b) connection of wire on 
copper electrodes 
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Fig. 3-2. Setup for RT instability measurements through the HSV 
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(a) 
 
(b) 
Fig. 3-3. Patterned Pt surface fabrication: (a) procedure of the patterned Pt samples, (b) surface 
images through SEM 
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(a) 
 
(b) 
Fig. 3-4. Patterned Pt surface (a) temperature fields at a certain heat flux, (b) boiling observation 
images using HSV 
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3.3 Results and Discussion 
 
 The experimental results are divided into two parts for the wire pool boiling experiments: (1) the effect 
of heater diameters and (2) the system pressures effects on the test specimen to find the connection 
between the RT instability wavelengths and the CHF results. Measurements of the RT instability 
wavelength and variations in the RT instability wavelength with changes in the CHF, MHF, and heater 
surface diameters were evaluated. To ensure the reliability of the experimental results, three specimens 
were used for each test condition. Fig. 3-5 exhibits the typical wire pool boiling results at the nucleate 
boiling, CHF, film boiling, and MHF regions. 
Three kinds of wire specimens were used to determine that RT instability wavelength is influenced by 
the heater diameters. The CHF values were measured as 202.42, 191.8, and 249.19 kW/m2 for the 0.3, 
0.5, and 0.7 mm diameter, respectively. On the other hand, the prediction model based on the 
hydrodynamic instability theory was 216.04 kW/m2. The CHF results were similar to the calculated 
value, but the average distance of the RT instability wavelengths was different. Fig. 3-6 is the 
experimental results for the 0.3, 0.5, and 0.7 mm wire diameters. Table 3-2 lists the CHF and MHF 
results according to the heater diameters. The results indicated that there was an influence of the heater 
diameters on RT instability wavelength. Lienhard and Wong55 proposed a model with considering the 
effect of heater diameters on RT instability wavelength. This means that further consideration should 
be conducted in various heating conditions. In addition, pressure system pressures were considered into 
the study to observe the RT instability wavelengths. The wire diameter of 0.5 mm was used because the 
0.3 mm wire diameter did not endure the high heat flux conditions and the analysis of the 0.7 mm wire 
diameter was not ideal because the formation of the RT instability was not balanced. 
A 0.5 mm wire diameter was used for the analysis of the RT instability wavelengths according to CHF 
results. Various kinds of pressures were considered: 1, 3, 5, 7, and 9 bar. Table 3-3 lists the results of 
the CHF and MHF. Fig. 3-7 shows the CHF and MHF based on the system pressures. The average CHF 
values at 1, 3, 5, 7, 9 bar were 197.4, 433.2, 493.9, 555.4, and 625.8 kW/m2, respectively. The measured 
MHF values for each system pressure were 107.4, 163.5, 222.6, and 247.9 kW/m2, respectively. As 
shown in Fig. 3-7, the CHF and MHF values were increased as the loaded system pressures. RT 
instability observations under various conditions were illustrated in Fig. 3-8. The bubble diameter was 
changed according to the loaded pressure. As the bubble departure diameter decreased, the wavelength 
also decreased to compensate for the heat transfer rate; this increased the departure bubble ratio of the 
heater surface with latent heat transport. The HSV images were used to analyze the relation between 
the RT instability wavelength and the CHF and MHF. Based on the experimental tests, there were the 
relation between the RT instability wavelengths and the CHF or MHF performances. 
To analyze a trend of the RT instability observations with the CHF and the MHF results, the measured 
RT instability wavelength results were plotted. To determine the RT instability wavelengths, the average 
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distance of the vapor columns was considered and several images were used. Based on the measurement 
of RT instability wavelength, the maximum mean absolute error (MAE) and root-mean-square (RMS) 
error for a certain experimental case were 16.7 and 12.1 %, respectively. Except for the case, MAE and 
RMS error for the average distance of the vapor columns (RT instability wavelength) were less than 
10 %. In addition, several experimental data were examined to provide normal distributions of the RT 
instability data. Fig. 3-9 exhibits normal distributions of the measured RT instability wavelengths. The 
standard deviation was decreased as the average RT instability wavelength was decreased. This inferred 
that the reliability of the average RT instability wavelength increased as the RT instability wavelength 
decreased. 
As shown in Fig. 3-10, the CHF and MHF increased as the RT instability wavelength decreased and 
vice versa. This means that actual measurement of the RT instability wavelength is a valid approach for 
the CHF prediction. To evaluate the experimental data, the modified hydrodynamic concept of 
modulation wavelength was used. In the chapter 1, the modulation wavelength was predicted by the 
heating surface structure characteristics, but the measured RT instability wavelengths were used in the 
present wire pool boiling experiments. 
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where λm is the measured RT instability wavelengths in the present study. Fig. 3-11 exhibits the modified 
hydrodynamics approach model and experimental results. The experimental CHF results and predicted 
CHF values were similar tendencies and values. This means that the change in CHF values can be 
explained by the change in the RT instability wavelength at the film boiling region. Based on the 
experimental results, RT instability wavelengths are the valid method for predicting the CHF results; 
the RT instability can be considered in the critical vapor velocity which determines the CHF. It inferred 
that the RT instability wavelength can be correlated with the critical vapor velocity; the assumption of 
the hydrodynamic instability theory is proven. 
 The two-dimensional RT instability measurements were also conducted in the plate pool boiling with 
the patterned Pt heating surfaces. Four kinds of heating surfaces were prepared in the pool boiling 
experiment. Boiling curves for all heating surfaces with various patterned conditions are shown in Fig. 
3-12. For the plain heating surface, the average CHF value was 146.1 kW/m2. For the hydrodynamic 
instability CHF model, the predicted CHF value of FC-72 was 148.2 kW/m2. Based on the prediction 
model, the reliability of the experimental procedure was confirmed. The effect of patterned heating 
surfaces was observed in the CHF performance. The CHF of the 9 holes, 49 holes, and 169 holes heating 
surfaces were 158.2 kW/m2, 165.4 kW/m2, and 173.1 kW/m2, respectively. The CHF enhancement ratio 
compared to the plain Pt heating surface was 8.3%, 13.2%, and 18.5% for the 9 holes, 49 holes, and 
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169 holes heating surfaces, respectively. As shown in Fig. 3-12, boiling heat transfer performance was 
almost same for every heating surface. The highest HTCs were observed at near CHF points: 5.75, 5.85, 
6.18, and 6.45 kW/m2 K for the plain, 9 holes, 49 holes, and 169 holes heating surfaces. To investigate 
the boiling performance on the heating surfaces, HSV was used to capture the bubble generation at 50, 
75, and 100 kW/m2 for the plain, 9 holes, 49 holes, and 169 holes heating surfaces. The capture speed 
of the HSV was set to 2000 fps. Fig. 3-13 exhibits the bubble generations on all heating surfaces. The 
bubble generation at different heating surfaces showed similar performance. The captured images 
supported that the HTCs at nucleate boiling region were almost same for every heating surface. Previous 
studies related to the HTC enhancement mentioned that the HTC improvement could be explained by 
the change of surface characteristics compared to the bare surface13,53,56. The well-known prediction 
model for the boiling heat transfer from thermo-phyical properties and wall superheat with surface 
materials was proposed by Rohsenow23. 
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where Cpl is the liquid specific heat, hlg is the latent heat, Csf is the surface fluid combination, μl is the 
dynamic viscosity, kl is the liquid conductivity, and m and n are the exponents of the correlation. The 
parameter of the Csf is related to the surface characteristics. Ho et al.
56 used micro-fin and micro-cavity 
surfaces to enhance boiling performance and they correlated the value of Csf with the surface roughness 
factor, which is derived by the ratio of actual heating surface and projected area. In addition, the average 
roughness value was considered into Csf to predict the boiling performance under roughness-controlled 
heating surfaces53. In the present study, however, surface characteristics such as surface roughness and 
deposition of highly-conductive material were not considered. This means that HTC of various 
patterned surfaces should be similar for all heating conditions.  
The RT instability wavelength measurements were performed to find the relation with the CHF results. 
Fig. 3-14 exhibits the measurement of the RT instability wavelength at CHF region for all heating 
surfaces. As shown in Fig. 3-14, the CHF increased as the RT instability wavelength decreased and vice 
versa. The measurement results indicated that the change of the RT instability wavelength supported 
the CHF performance. This means that the change of the RT instability wavelength influences on the 
critical vapor velocity. This inferred that CHF can be influenced by the RT instability wavelength.  
The critical and the most dangerous RT instability wavelength of the working fluid are 4.9 and 8.5 
mm, respectively. In the present study, we assumed that the KH instability wavelength is related to the 
RT instability wavelength. If the patterned surface changed the RT instability wavelength based on the 
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heater geometry, the RT instability wavelength of the 9 holes heating surface would be changed and 
following relation could be predicted. 
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where n is the change of CHF ratio and a is the fitting constants. When the fitting constant has a value 
of 1, the CHF enhancement ratio for the 9 holes, 49 holes, and 169 holes heating surfaces is 4.08, 15.5, 
and 28.1%, respectively. The modified hydrodynamic approach showed similar trend that of the 
experimental results. Therefore, the modified hydrodynamic instability model based on the change of 
the RT instability observation on flat heater can predict the change of the CHF performance. Based on 
the experimental studies, the hydrodynamic instability theory should consider the effect of surface 
characteristics in the RT instability wavelength to predict the CHF enhancement mechanisms. 
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Table 3-1. CHF and MHF values according to heater diameters 
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Table 3-2. CHF and MHF results under different system pressures for the diameter of 0.5 mm Ni-Cr wire  
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Fig. 3-5. Typical boiling observations  
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(a) 
 
(b) 
Fig. 3-6. Experimental results with various wire diameters: (a) CHF and MHF, (b) RT instability 
observations 
 
 
 
 70 
 
 
 
 
 
 
 
 
 
Fig. 3-7. CHF and MHF results for the 0.5 mm wire diameter 
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Fig. 3-8. Observation of RT instability wavelength at the points of CHF and MHF under various 
pressures 
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Fig. 3-9. Normal distributions of measured RT instability wavelengths 
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Fig. 3-9. CHF and MHF trends according to measured RT instability wavelengths 
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Fig. 3-10. The modified hydrodynamic instability model and the experimental results based on the 
measured RT instability wavelengths 
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Fig. 3-11. Boiling curves for plain, 9-hole, 49-hole, and 169-hole Pt heating surfaces 
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Fig. 3-12. Boiling observations at various heating surfaces with various heat flux conditions 
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Fig. 3-13. RT instability observations at CHF regions 
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3.4 Conclusions 
 
The experiments related to the hydrodynamic instability theory for the CHF prediction model were 
examined in various experimental conditions to find the appropriate way for developing the CHF 
enhancement mechanism model based on the hydrodynamic instability approach. The pressurized wire 
pool boiling experiments were performed to find the relation between the RT instability wavelength and 
the CHF, and the patterned Pt heating surfaces were conducted to show the change of the CHF results 
based on the change of the RT instability wavelengths. Following conclusions were obtained. 
(1) The pressurized wire pool boiling facilities with various heater diameters and system pressures 
were considered to show the effect of surface characteristics on the CHF performance. For the 
effect of heater diameters, the RT instability wavelength was changed even though the CHF 
performance was similar measured by the diameter of 0.3, 0.5, and 0.7 mm Ni-Cr wire heating 
surface. The various system pressures were applied on the wire pool boiling with the diameter 
of 0.5 mm to show the tendency of the measured RT instability wavelengths with the CHF 
results: the CHF was increased when the RT instability wavelength was decreased, vice versa. 
The measured RT instability wavelengths were considered as the modulation wavelengths of 
the modified hydrodynamic approach model and the results showed that the change in CHF 
values can be explained by the change in the RT instability wavelength. 
(2) The patterned Pt heating surfaces were examined in the plate pool boiling facility to show the 
CHF enhancement trend with the RT instability wavelengths. Because the patterning depth was 
50 nm, the CHF enhancement for the 9 holes, 49 holes, and 225 holes heating surfaces was 
obtained as 8.3%, 13.2%, and 18.5%, compared to the plain heating surface, respectively. The 
measurement of the RT instability wavelengths at the CHF region indicated that the 
wavelengths were decreased when the CHF values were increased. This means that the change 
of the RT instability wavelengths was also valid in the plate pool boiling facility. The tendency 
of the CHF results based on the surface patterning distance was proposed. 
 The main conclusion from the experiments was to find the relation between the RT instability 
wavelength and the CHF performance. The results indicated that the RT instability wavelength should 
consider the surface characteristics such as using the surface curvature function in the prediction of the 
RT instability wavelength because the change of the RT instability wavelengths can accommodate all 
heating surface parametersIn the next chapter, therefore, the change of the RT instability wavelength 
will be discussed. Previous studies related to the CHF models based on the hydrodynamic instability 
theory were mentioned to show the difference between the existed CHF models and the proposed CHF 
model. Based on the proposed CHF model, validation procedure is conducted by using the existing 
experimental data with the effect of the measured RT instability wavelengths and the surface roughness 
factors. 
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Chapter 4. MODIFIED HYDRODYNAMIC INSTABILITY CHF PREDICTION MODEL 
 
4.1 Introduction 
 
 There have been a lot of research related to the CHF prediction models because the accurate prediction 
models could provide safety margin of power devices. For nuclear reactors, the operating safety margin 
of the nuclear reactors can be enhanced by eliminating an uncertainty range of the CHF prediction. 
Therefore, various kinds of CHF models with several prediction theories have been proposed such as 
hydrodynamic instability, macrolayer dryout, hot/dry spot, bubble interaction, bubble force balance, etc. 
Among the prediction models, the hydrodynamic instability theory has been widely used in industrial 
and research fields because the model was simplified to the working fluid properties. However, the 
accuracy of the hydrodynamic instability theory was decreased due to the CHF enhancement studies, 
which considered the effect of the surface modifications. This means that the hydrodynamic instability 
theory proposed by Zuber22 did not consider any heating surface characteristics. He only considered the 
ideal case: infinite heating surface without any cavities. Based on the infinite heating surface condition, 
the relation between the RT and KH instability wavelengths was assumed and the CHF prediction model 
was developed. To deal with the surface characteristics, various experimental and prediction studies 
have been performed to consider the surface effects on the hydrodynamic instability theory. But the 
modified models were mostly limited to their experimental results. In this chapter, therefore, various 
kinds of CHF prediction models were introduced with the modified methods to improve the CHF 
prediction models. In addition, the modified hydrodynamic instability CHF model was proposed based 
on the change of RT instability wavelength; the change of the RT instability wavelengths influences on 
the critical vapor velocity. To validate the present model, the measured data obtained from the present 
experiments and the literatures were used.  
 
4.2 Reviews of Hydrodynamic Instability Theory CHF Models 
 
 The CHF prediction model based on the hydrodynamic instability was proposed by Zuber22. When an 
applied heat flux on heating surface was increased with vigorous boiling, the liquid could not penetrate 
into the heating surface due to the aggressive vapor formation. He elucidated the CHF phenomenon as 
the result of the critical vapor velocity. The CHF model is derived from the point of vapor generation 
on a heating surface. 
 
v lvq m h   (4-1) 
 
where mv and hlv are vapor mass velocity and latent heat of a working fluid. Because the vapors are 
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generated at a certain area on the heating surface, the CHF can be calculated by using the vapor velocity 
and density, latent heat, and the ratio of the vapor generation area (vapor columns) compared to the 
heating surface. 
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where uv,c, ρv, and Av/Ah are the critical vapor velocity, vapor density, and the area ratio of the vapor 
columns compared to the hole heating surface. The area of the vapor was defined by the vapor column 
formation on the heating surface at film boiling region because the observation of the vapor area ratio 
at the nucleate boiling is difficult due to the vigorous boiling occurrence. The area of the vapor column 
was calculated by the concept of the RT instability wavelength which was influenced by the density 
difference between the liquid and the vapor phases. Fig. 4-1 illustrates the RT instability wavelength on 
a heating surface. The diameter of the vapor column was assumed as the half of the RT instability 
wavelength, thus the area ratio of the vapor columns on the heating surface is 
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As Eq. 4-4 shows, the CHF phenomenon can be determined by the critical vapor velocity by assuming 
the vapor column diameter as the half of the RT instability wavelength. The critical vapor velocity can 
be determined by the interfacial phenomenon driven by the velocity difference between the liquid and 
vapor. This means that KH instability wavelength reflected the critical vapor velocity. If the KH 
instability wavelength is decreased, the critical vapor velocity will increase, vice versa. The relation of 
the KH instability and the critical vapor velocity can be derived from the interfacial instability 
phenomenon. 
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In the hydrodynamic instability theory proposed by Zuber, the KH instability was considered as the RT 
instability. The concept of the KH instability wavelength was derived from the liquid drop experiment 
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with a certain hole. The ideal condition was assumed for measuring the KH instability wavelength. If 
the hole was modified, the KH instability wavelength will be changed based on the modified the hole. 
This inferred that the critical vapor velocity can be influenced by the surface modifications. Instead of 
measuring the KH instability wavelength, Zuber used the RT instability wavelength instead of the KH 
instability wavelength. By considering the KH instability is a function of RT instability wavelength, the 
classical CHF prediction model with the hydrodynamic instability approach is 
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Based on the above CHF prediction model, various kinds of CHF models to predict the experimental 
results have been proposed. 
 Lienhard and Dhir57 considered the infinite heating surface and small size of heating surface with 
various shapes. For the infinite and the finite heating surfaces, most dangerous wavelength was 
considered as the RT instability wavelength. For heating size effect, they argued that the variation 
heating size can affect the CHF via reducing the number of vapor columns presented on the heating 
surface. As the number of vapor columns is confined by the size of the heating surface, the area ratio 
would be modified. The KH instability wavelength for the infinite and the finite heating surfaces was 
assumed as the most dangerous RT instability and the circumference of the heating surfaces, 
respectively.  
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Liter and Kaviany9 manufactured porous heating surfaces by controlling distance of the deposition 
modulation wavelength: modulation wavelength is determined by the heating surface conditions. The 
modulation wavelength changes the RT instability wavelength, thus the CHF can be changed by the 
modulation wavelength. Based on the modulation wavelength, the KH instability wavelength was also 
introduced by the geometrically determined wavelength. 
 
,2 9KH m RT ca a      (4-9) 
 
where a, λm and λRT,c are the constant, modulation wavelength by the heater geometry, and critical RT 
instability wavelength. By comparing the Zuber’s model, the CHF prediction model by the modulation 
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porous heating surfaces can be derived as 
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Lu et al.58-59 used microstructure surfaces to show the CHF enhancement which was attributed by the 
change of heating surfaces. Because the heating sizes were infinite conditions, the KH instability was 
considered as the function of the size of heating surfaces. To predict their experimental results with the 
hydrodynamic instability approach, the area ratio of vapor column was supposed to the fitting constant. 
In addition, Lee and Lee60 used small size of PCB heaters where the prediction model proposed by 
Lienhard and Dhir57 could not predict the experimental range. They considered that RT instability could 
be changed by the heating size conditions and KH instability wavelength was the same as the model 
proposed.  
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where η, Λ, w’ are the correcting factor, Laplace length, and the width of thin flat plate heater divided 
by the Laplace length.  
 Jun et al.61 changed the KH instability to predict the experimental CHF results. The experiment was 
conducted with nano-textured surfaces with various working fluids. Compared to the Zuber’s model, 
the prediction value was higher than 38.9%. 
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 1/2 40.182CHF lv v l vq h g        (4-14) 
 
 Park and Bang11 observed the change of RT instability with the nanoparticle-coated surfaces. Various 
kinds of nanoparticle-coated surfaces were examined in the wire pool boiling facility with the water 
and the observation of RT instability wavelengths was measured under the R-123 refrigerant. Based on 
the change of RT instability wavelengths with respect to CHF results, a correlation was proposed based 
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on the Zuber’s model. 
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where λth, λbare, λm are theoretical value, measured in bare Ni-Cr wire surface, and measured the change 
of the RT instability wavelengths, respectively. But the correlation by measuring the RT instability 
wavelengths under the R-123 refrigerant is not applicable in other studies because the CHF 
enhancement results were obtained by using the water.  
 Because the hydrodynamic instability theory did not consider the effect of viscous of the working fluid, 
there was a study to show the influence of the RT instability for thin viscous gas films on the CHF and 
MHF performances62. Based on stability analysis, the most dangerous wavelength was modified.  
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If the viscosity effect is neglected for thin gas films, the most dangerous wavelength and the most rapid 
growth rate are incorrectly predicted. But the viscosity effect on the instability wavelength is only 
influenced on the most dangerous RT instability wavelength. This means that there would be no effect 
on the CHF performance when the critical RT instability wavelength is suggested as the vapor column 
spacing.  
 The bubble force balance model introduced by the Kandlikar50 is similar to the hydrodynamic 
instability theory because the RT instability wavelength was used with positioning of the bubbles on a 
heating surface. This means that the additional surface parameter of wettability was considered in the 
bubble force balance model compared to the Zuber’s model. The heat flux on the heating surface was 
determined by the ratio of heat flux of evaporation of the average bubble height and bubble interface 
divided by influence area. 
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where qI’’, Davg, Db, Hb, β, Φ, are the heat flux due to the evaporation, bubble average diameter, bubble 
influence diameter, bubble height, receding angle, and heater orientation angle, respectively. Based on 
the Kandlikar’s model, the CHF enhancement model was proposed when the heating surface exhibited 
superhydrophilic surfaces63. 
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The model used the apparent contact angle as well as receding angle to consider the hydrophilicity at 
the static contact angel measurement. The CHF results of micropillar heating surfaces were well 
predicted by the modified CHF model and additional experiments with the hierarchically structured 
surfaces were performed to support the proposed CHF model64. Quan et al.52 suggested a model based 
on the change of surface roughness in the bubble force balance model by using the effect of critical RT 
instability wavelength on smooth and rough surfaces. Additional capillary wicking term was considered 
in the bubble force balance model and the surface roughness term with the solid fraction was considered 
in the critical RT instability wavelength to show the change of the bubble spacing. 
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where Φs is the solid fraction. This model includes the effect of surface roughness and surface 
wettability, thus various kinds of experimental results could be predicted. Table 4-1 lists the CHF 
models based on the hydrodynamic instability theory.  
 Several kinds of CHF models related to the hydrodynamic instability theories were discussed based 
on the control parameter of the hydrodynamic instability theory. Table 4-2 shows the control parameters 
in the hydrodynamic instability CHF model: critical vapor velocity, RT instability wavelength, and the 
ratio of the vapor column on heating surfaces. The critical vapor velocity was determined by the RT 
instability wavelength because of the relation of the KH instability wavelength. When the surface 
characteristics were changed, the RT instability wavelength can be changed which the critical vapor 
velocity was also changed. Therefore, the effect of surface curvatures on the RT instability wavelength 
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is discussed and the modified hydrodynamic instability CHF model is proposed by considering the 
effect of surface roughness and measured RT instability wavelength. 
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Table. 4-1. CHF models based on hydrodynamic instability theory  
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Table. 4-2. Control parameters in hydrodynamic instability theory 
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Fig. 4-1. RT instability wavelength on a heating surface9 
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4.3 CHF Modeling with Change of RT Instability Wavelength 
 
The hydrodynamic method can be applied to the surface medication heating surfaces which induced 
the change of CHF prediction values. Eq. 4-2 is the peak heat flux as the latent energy transfer and eq. 
4-6 is the CHF model presented by Zuber22. The modified CHF model can be obtained by combining 
eqs. 4-2 and 4-6. 
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The major influence parameters in eq. (4-24) are the KH instability wavelength and the ratio of the 
vapor columns on the heating surface. The main concept of the modified hydrodynamic approach is to 
change the critical vapor velocity: the change of the KH instability or RT instability wavelengths 
influence on the critical vapor velocity. The wire pool boiling experiments revealed that the change of 
the RT instability follows the change of the CHF performance. This inferred that the RT instability is 
the criterion that predicts the CHF. Therefore, the change of the RT instability wavelength due to the 
surface modifications should be determined. In the present research, the function of surface 
characteristics is considered in the RT instability wavelength. 
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where f(k) is a function of surface characteristics that can influence on the change of the RT instability 
wavelength. The surface characteristics can be measured RT instability wavelength, surface roughness, 
etc. By considering the modified RT instability wavelength in eq. 4-24, the modified CHF trend can be 
obtained. 
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Based on the modified CHF model, the change of RT instability due to the heater width or the surface 
characteristics will change the critical vapor velocity: CHF is depended on the change of RT instability 
wavelength. The modified hydrodynamic CHF model based on the function of surface characteristics 
will have the form as eq. 4-28. In the present work, the measured RT instability wavelengths and the 
surface roughness factors were considered in the modified hydrodynamic CHF model. 
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4.4 Comparison between Modified Hydrodynamic Instability Model and Experimental Data 
 
 To compare the modified hydrodynamic CHF model with the existing experimental data, various kinds 
of experiments were considered. For the RT instability factor in the modified hydrodynamic CHF model, 
the RT instability factor was defined as eq. 4-29a. The obtained and additional CHF results which 
considered the effect of the RT instability wavelength were used to validate the modified hydrodynamic 
CHF model. The experimental data related to the RT instability wavelength factor were 24 including 
the previous works and the additional experiments with the nanoparticle-deposition surfaces on the Ni-
Cr wire surfaces using FC-72 refrigerant. There was a study using various nanoparticle-deposition 
surfaces on the Ni-Cr wire surfaces to show the CHF enhancement with the effects of the measured RT 
instability wavelengths11. Application of the experimental results was not appropriate because the RT 
instability observations were conducted in the R-123 refrigerant while the CHF enhancement ratio was 
obtained using the water. Therefore, the additional experiments were performed by using the various 
nanoparticle-deposition surfaces in the FC-72 refrigerant. Five kinds of nanoparticles were prepared 
and the deposition of nanoparticles on the Ni-Cr wire surface was conducted by boiling of 0.01 V% 
nanofluids at 700 kW/m2 during 15 min. The CHF enhancement ratio of the nanoparticle-coated 
surfaces was compared to the bare Ni-Cr surface. For the bare Ni-Cr wire surface, the measured CHF 
was the 162.5 kW/m2. Compared to the Zuber’s prediction model (148.15 kW/m2), the reliability of the 
experimental procedure with the bare Ni-Cr surface was confirmed by comparing the prediction model. 
For the nanoparticle-coated surfaces, the CHF enhancement ratio for the Al2O3, ZnO, SiC, CuO, and 
RGO was 29.7, 32.9, 28.3, 48.6, and 32.5 %, respectively. Compared to the Park and Bang’s 
experimental data 11, the noticeable CHF enhancement was not observed, because the working fluid 
was different. Table 4-3 lists the CHF enhancement results by the nanoparticle-coated surface with the 
FC-72 refrigerant and Fig. 4-2 shows the comparison of the CHF enhancement ratio between the present 
experiment and Park and Bang’s experimental data. In addition, the measurement of the RT instability 
wavelengths under various coated surfaces was performed to get the RT instability wavelength factor 
for the modified hydrodynamic CHF model. The condensation RT instability measurement was 
performed because the observation of the RT instability wavelengths at the CHF region was difficult 
because the vapors were agglomerated together. Fig. 4-3 exhibits the measurement of RT instability 
wavelengths with condensation method with various nanoparticle-coated surfaces. The average RT 
instability wavelengths for the bare Ni-Cir, Al2O3, ZnO, SiC, CuO, and RGO-coated surfaces were 
4.923, 3.886, 3.779, 3.08, 3.439, and 3.494 mm, respectively. The RT instability wavelengths were 
decreased when the CHF enhancements were increased. The observation of the RT instability 
wavelengths and the CHF results were incorporated into the modified hydrodynamic CHF model for 
the validation works. 
 Park et al.10 performed the wire pool boiling experiments with various nanofluids (Al2O3, graphene, 
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and graphene oxide) in water. The significant CHF enhancement was observed in the graphene and 
graphene oxide nanofluids even though the surface wettability and the capillarity were not improved. 
They focused on the CHF enhancement mechanism by the modulation wavelength due to the deposition 
of the nanoparticles on the heating surfaces. The condensation method to measure the change of the RT 
instability wavelength was performed and they insisted that the modulation of wavelength can 
sufficiently support the CHF enhancement mechanism10. Lee et al.54 used two kinds of CuO nanofluids: 
one-step and two-step methods. One-step method means the fabrication of the nanofluid by a pulsed 
laser ablation and two-step method is the nanoparticles dispersion in the fluid. They found the superior 
CHF performance in the both CuO nanofluids compared to the bare Ni-Cr surface. Surface wettability, 
capillarity, and RT instability wavelength were considered as the CHF enhancement reasons, but they 
insisted that the RT instability wavelength can cover the all CHF enhancement mechanism by referring 
the results of CHF results with the graphene and graphene-oxide nanofluids11. Based on studies, 6 kinds 
of CHF enhancement results were collected and these experimental data were used in the validation 
procedure for the modified hydrodynamic CHF model. In chapter 3, there was the study for the CHF 
results and direct measurement of the RT instability wavelengths under various system pressures and 
heater diameters to find the relation between the RT instability wavelengths and the CHF performance. 
The results of the pressurized wire pool boiling experiments were also considered into the validation 
data for the modified CHF model: the total 28 data were evaluated as the RT instability wavelength 
factors. Based on eq. 4-29, the function of surface characteristics can be obtained. Fig. 4-4 exhibits the 
experimental data for the RT instability wavelengths. To find the value of n from the eq. 4-27, data 
fitting was conducted; the value of n was 0.25. Table 4-4 lists the RT instability factor, CHF 
experimental results, and CHF prediction values. The maximum deviation between the CHF results and 
the prediction values was 26.3%. The highest CHF enhancement was observed in the graphene oxide-
coated surface with the value of 2.36. The RT instability factor of the graphene oxide coated surface 
was 28.7 with the CHF prediction value of 2.31. Most of CHF prediction values were similar to the 
experimental results. Fig. 4-5 indicates the comparison between the experimental CHF results and the 
prediction CHF values. The mean error (ME), MAE, and RMS error were 5.11, 8.25, and 5.35 %, 
respectively. Therefore, the prediction of the CHF enhancement with the measured RT instability 
wavelength is valid. 
For the surface function as the roughness factor, it was defined as the ratio of the projected area to the 
actual surface area as indicated in eq. 4-29b. The total 27 roughness factors obtained from previous 
studies were considered into the modified CHF model63-64,67-69. Chu et al.63 performed pool boiling 
experiments under micropillar surfaces fabricated on the Si wafer. Seven kinds of different surface 
roughness including the plain heating surface were considered by changing the height, diameter, and 
spacing of the micropillar structures. The surface enlargement ratio was varied from 1 to 5.94 and the 
CHF enhancement was observed using the water as working fluid. Further experiments were conducted 
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by using hierarchically structured surfaces on the micropillar surfaces64. The deposition of SiO2 
nanoparticles on the structured surfaces with an electrophoretic deposition technique was conducted to 
make the surface increment more than 6, compared to the plain heating surface. The highest surface 
expansion was 13.3 and this surface showed the highest CHF performance in the study. Wei and 
Honda67 considered the effects of the height and thickness of micro-pin structures on boiling heat 
transfer with various dimensions of the square micro-pin surfaces. The dry etching method was used to 
fabricate the heating surfaces and the experiments were conducted with various liquid subcooling 
conditions using the FC-72 refrigerant. Because the modified CHF model considered the experiments 
at the saturated working fluid condition, the considered experimental results of the paper were the CHF 
results at the saturated condition. Dhilon et al.68 fabricated micro/nano surface structures to maximize 
the CHF by changing the surface enlargement with controlling of the diameter and spacing for the 
structures. The working fluid was water and various CHF enhancements were observed, depending on 
the surface structures. Enhanced pool boiling performances were observed in the fabricated surface 
through femtosecond laser on stainless steel plates using the water as working fluid69. A 3D confocal 
laser scanning microscope was used to quantify the surface area ratio which was the total area of the 
microstructures divided by the projected area and the experimental results were discussed on the surface 
characteristics. Table 4-5 shows the surface enlargement, function of surface curvature based on the 
roughness factor, CHF enhancement, and CHF prediction values based on the modified hydrodynamic 
approach. The maximum surface enlargement was 13.3 and the following maximum CHF enhancement 
ratio obtained from the experiment was 2.19. The modified hydrodynamic CHF model with the surface 
roughness factor showed the maximum CHF enhancement prediction value was 1.91. Fig. 4-6 indicates 
the comparison between the experimental CHF results and the prediction CHF values. As Fig. 4-6 
shows, most of data related to the surface enlargement were fitted in the range from -20% to 20% 
compared to the modified hydrodynamic CHF model with the surface roughness factor. The ME, MAE, 
and RMS error were -4.64, 12.6, and 11.9 %, respectively. The comparison results indicate that the 
modified hydrodynamic CHF model with the surface roughness factor can predict the CHF performance.  
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Table 4-3. Experimental results for nanoparticle-coated surface in FC-72 refrigerant 
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Table 4-4. CHF trends according to RT instability wavelength factor 
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Table 4-5. CHF trends according to surface roughness factor 
 
 
 
 
 
 
 97 
 
 
 
 
 
 
 
 
 
Fig. 4-2. Comparison of the CHF enhancement ratio (present experiments and literature11)  
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Fig. 4-3. Measurement of RT instability wavelengths with condensation method with various 
nanoparticle-coated surfaces 
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Fig. 4-4. Experimental data for RT instability wavelengths 
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Fig. 4-5. Comparison between the experimental CHF results and the prediction CHF values (RT 
instability wavelength factor) 
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Fig. 4-6. Comparison between the experimental CHF results and the prediction CHF values (surface 
roughness factor) 
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4.5 Conclusions 
 
The modified hydrodynamic instability CHF prediction model was proposed by considering the effects 
of surface characteristics on the pressure balance of the wavy interface. Reviews of CHF models based 
on hydrodynamic instability theory were discussed and the originality of the modified CHF model was 
proposed. The derivation of the CHF model with considering the surface curvature functions was 
conducted and the validation of procedure with existing CHF results which considered surface 
roughness and RT instability wavelength factors. Following conclusions were obtained. 
(1) The modified CHF model with the change of pressure balance at the interface by using the 
surface curvature function was discussed. Two kinds of surface characteristics were considered: 
surface roughness and RT instability wavelength factors. For the surface roughness factor, it 
was defined by the ratio of the projected area divided by the actual surface area. In addition, 
the RT instability wavelength factor was considered as the measured RT instability 
wavelengths on various heating conditions. The CHF trends according to the surface roughness 
and RT instability wavelength factors were obtained. 
(2) For the surface roughness factor, various kinds of experimental results were considered into 
the validation procedure of the modified hydrodynamic CHF model. The experimental data 
were obtained from several literatures. Surface modification techniques were employed to 
control the surface enlargement ratio compared to the plain heating surfaces. The surface 
enlargement ration was ranged from 1 to 13.3, and the maximum CHF enhancement ratio was 
obtained as 2.19. By comparing the prediction CHF values with the experimental results, the 
modified CHF model with the surface roughness factor is valid in the pool boiling experiments. 
(3) For the RT instability wavelength factor, various deposition of nanoparticle-coated surfaces 
were considered with various working fluids and RT instability wavelength measurements 
under different pressures and heater diameters were conducted in pressurized wire pool boiling 
facility. The RT instability results for the nanoparticle-coated surfaces were performed by the 
condensation method using the water and the FC-72 refrigerant. For the pressurized wire pool 
boiling, the RT instability wavelengths were confirmed as the CHF variation parameter and the 
different heater diameters indicated that the CHF prediction model based on hydrodynamic 
instability theory should consider the heater surface characteristics. Various conditions of RT 
instability factor were employed to validate the modified CHF model: the maximum of the RT 
instability factor and the CHF enhancement results was 7.38 and 2.36 respectively. Most of 
experimental data were fitted to the modified hydrodynamic CHF model within ± 20%. The 
results indicated that the RT instability wavelength factor as the parameter of the modified CHF 
model was validated. 
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Chapter 5. CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
 
5.1.1 Pool boiling CHF enhancement experiments 
 
Porous and nonporous heating surfaces were examined in the pool boiling experiments with the FC-
72 refrigerant to suppress the wettability effect. In addition, hybrid graphene/SWCNTs heating surface 
was used to show the effect of improved thermal conductivity on the boiling performance. The 
experimental results indicated that porous heating structures were the main mechanism on the CHF 
performance due to the porosity and the permeability effects. For the thermal effusivity effect, hybrid 
graphene/SWCNTs surface showed the best performance compared to the bare ITO, graphene, and 
SWCNTs heating surfaces. The improved CHF can be explained by several surface parameters, but it 
is hard to quantify the CHF performance based on the surface parameters. Therefore, several CHF 
models were discussed to support the experimental results and the hydrodynamic instability theory was 
determined as the mechanism model. 
 
5.1.2. CHF experiments based on hydrodynamic instability theory 
 
The pressurized wire pool boiling and patterned Pt surfaces were conducted to show the relation 
between the RT instability wavelength and the CHF results. The results insisted that the RT instability 
wavelength should consider the surface characteristics to support the CHF variations.  
 
5.1.3 Modified hydrodynamic instability CHF prediction model 
 
 Modified hydrodynamic instability CHF model was developed based on the change of the RT 
instability wavelength with the surface characteristics. The surface characteristics were considered as 
the surface function. As the surface function, measured RT instability wavelength and surface 
roughness factors were examined for the validation of the model. The results indicated that the surface 
roughness factor and the RT instability wavelength factor as the parameter of the modified CHF model 
were valid in the present work. 
 
5.2 Recommendations 
 
 The CHF enhancement due to the surface modifications can be predicted by the modified 
hydrodynamic CHF model. In nuclear conditions, there would be chalk river unidentified deposits 
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(CRUD) formation on fuel rods during reactor operation. Typically, CRUD deposition on fuel rods can 
be regarded as the negative effects on operating conditions. But the CRUD deposition layer has 
naturally porous structure with hydrophilic characteristics, which the deposition characteristics are 
similar to the deposition of nanoparticles on heating surfaces. Therefore, CRUD quantification 
experiments are possible through the deposition of nanoparticles and the modified hydrodynamic CHF 
model can predict those of deposition characteristics by controlling the surface parameters. In addition, 
the surface modification techniques can be applied on the cladding surfaces because the modified CHF 
model can support the CHF enhancement results. 
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